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APPARATUS FOR THERMOMAGNETIC ANALYSIS 
By Raymond L. Sanford 


ABSTRACT 
Thermomagnetic analysis consists in the study of magnetic effects occurring 
in a material during heating or cooling, with special reference to their inter- 
pretation in terms of structural changes or transformations. It is most con- 
yveniently carried out by means of a magnetometer of suitable type. The present 
paper describes thermomagnetic analysis apparatus set up at the Bureau of 
Standurds and gives typical results obtained by its use. 


CONTENTS 
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II. General arrangement ---_. 
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7, Coils and furnace 
’, Experimental procedure 
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I. INTRODUCTION 


The magnetic properties of ferromagnetic materials depend not 
only'upon previous thermal history but also upon the existing tem- 
perature. Even such relatively small variations of temperature as 
may occur within the atmospheric range bring about easily measurable 
changes in magnetic properties which can not be neglected? in work 
of high accuracy. Temperature changes of greater magnitude may 
produce alterations in the structure of the material accompanied by 
corresponding changes in magnetic properties. Observations of mag- 
netic changes which occur during heating or cooling, when properly 
interpreted, therefore, are useful in the study of the constitution of 
ferromagnetic materials and the effect upon it of various treatments. 
The study of magnetic effects occurring during heating or cooling 
with special references to their interpretation in terms of structural 
changes or transformations is termed “thermomagnetic analysis.” 

Honda and his associates? have found the methods of thermo- 
nagnetic analysis very valuable for the study of iron and steel and 
have even extended them to the study of paramagnetic materials. 





‘Sanford B. S. Sci. Paper No. 245; 1915. Spooner, Phys, Rev., 27, p. 183; 1926. 
Many papers in Sci, Rep. Tohoku Univ., Sendai. ; 1912, et seq. 
21336°—29 659 
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Other investigators* have also employed thermomagnetic analysis 
to a certain extent, but thus far little use of this method of invest. 
gation has been made in the United States. 

Much attention has been given in recent years to the relationship; 
which exist between the magnetic properties of materials and thei 
composition and structure. If sufficiently definite relationships are | 
established and various experimental difficulties overcome, magnetic 
properties can be made the basis of nondestructive testing methods 
of great value. The term magnetic analysis has been adopted to dis. 
tinguish magnetic testing of this type from that carried out solely 
for the purpose of determining the magnetic characteristics as sucl, 
Thermomagnetic analysis when properly developed should take it: 
place as an important phase of the more general subject of magnetic 
analysis. 

The apparatus described in the present paper was designed fo 
the purpose of applying the methods of thermomagnetic analysis 1 
the study of the structure of iron and steel as affected primarily by 
heat treatment. The problem was originally undertaken several 
years ago by Dr. C. Nusbaum, who carried out a considerable amount 
of work in connection with the design and construction of the ap- 
paratus. Unfortunately, it was necessary to interrupt the work in 
favor of more urgent problems and, consequently, he was unable to 
carry it to completion. The work has recently been taken up again. 
The apparatus has been somewhat simplified and modified so as to 
meet the difficult experimental conditions under which it is necessary 
to work, but the main features follow, in general, the original design. 

No especial originality is claimed for the method or equipment. 
but, in view of the peculiar difficulties encountered in attempting t 
use this type of apparatus in a location where there are so many 
magnetic disturbances as are found at the Bureau of Standards, 1! 
was thought that a description would be of some interest 


II. GENERAL ARRANGEMENT 


There are two ways in which thermomagnetic analysis may | 
carried out. The specimen may be held at a series of fixed tempers- 
tures and complete magnetization curves determined for each ten- 
perature, or a fixed value of magnetizing force may be applied an! 
the changes in magnetization noted as the temperature is gradually 
raised or lowered. Each of these methods has its own particular 
advantages and disadvantages. For the present parpose the second 
method seems to be preferable because by its use it is possible to 
make continuous observations of the magnetic changes and to note 
not only their magnitude, but also the rate at which they progres 





*Curie (Mme.), Bull. de la Soc. d’Encouragement, 3, p. 36; 1898. Morris, Phil. Mag 
44, p. 213; 1897. Terry, Phys. Rev., 28, p. 393: 1909. Smith, Phil. Trans. Roy. Se 
London, 215, p. 177; 1915. Dejean, Annal. de Phys., 9 ser., 18, p. 171; 1922. 
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with change in temperature. It is also possible to study the effect 
of rate of heating or cooling on the observed transformations. 

For the continuous observation of relatively slow changes in mag- 
netization such as occur during heating or cooling, the magnetom- 
eter is particularly suitable. With this method the magnetization 
is indicated by the deflection of a suspended magnetic needle placed 
in a definite position with respect to the test specimen. The direct 
action of the magnetizing solenoid is neutralized by suitable com- 
pensating coils. The sensitivity of a single needle magnetometer is 
determined not only by the strength of the needle, but also by the 
torsional strength of the suspension and the intensity of the earth’s 
magnetic field. In the magnetic laboratory of the Bureau of Stand- 
ards the field is continually varying both in direction and magni- 
tude, due to outside disturbances from electrical machinery, ele- 
vators, and the like. Consequently, the use of a single needle is not 
practicable, and an astatic system must be used. 

Figure 1 is a photograph of the apparatus which consists essen- 
tially of a magnetizing solenoid S, compensating coils C, and @., 
and the astatic magnetometer 1/7. Within the solenoid S is mounted 
an electric furnace. On a separate table are mounted rheostats for 
controlling the magnetizing current, an autotransformer for con- 
trolling the heating current, a potentiometer for temperature meas- 
urement, and lamps and scales for reading the potentiometer and 
magnetometer deflections. The coils are arranged with their axes 
in an east-west direction, and the magnetometer is east of the coils. 
The furnace is water jacketed and a platinum, platinum-rhodium 
thermocouple is used in the temperature measurements. 


III. THE MAGNETOMETER 


The construction of the magnetometer system is shown in Figure 
2. The moving system is suspended by means of a quartz fiber from 
§ the threaded brass rod, R, which extends through the torsion head 
| of the instrument. Vertical adjustment is provided by means of a 
nut on the head. A tangent screw is also provided for fine adjust- 
ment of the zero. The quartz fiber suspension Q is approximately 
8cm long and 0.04 mm in diameter, and is attached to the rod with 
shellac. For the sake of convenience in making the necessary adjust- 
ments, the suspended system is in two parts connected by small 
hooks made of flat wire so as to prevent relative twisting of the 
two parts. The upper part of the system carries a plane mirror, J/, 
1 cm in diameter and a mica damping vane, V, as shown. The image 
of a lamp filament is focused on a ground glass scale by means of 
a lens of 2 m focal distance mounted in the case of the instrument. 
The mica vane hangs in a damping chamber and provides practically 
; critical damping. 
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In the lower system the magnetic needles are mounted in shor 
brass tubes as shown. A brass rod 1 mm in diameter extends betweey 
the needles, and the distance can be varied 
by changing the length of the rod. Th 
usual distance is approximately 25 em. Ax 
the distance rod is held by friction jy 
tubular projections, the magnets can easily 
be oriented with respect to each other, 
This type of magnet system was chosen 
because, since there is a vertical gradient 
in the horizontal intensity of the magnetic 
field, it is desirable to be able to adjust the 
magnetic moments of the needles sepa. 
rately. The needles, 1 cm long and 3 mn 
in diameter, are made of special magnet 
steel containing about 15 per cent cobalt. 
This type of steel, when properly heat 
treated, has a coercive force from two to 
three times as great as that of the ordinary 
5 per cent tungsten steel and for this rea. 
son is especially adapted for short, thick 
magnets. The magnetic moment of the 
needles has not been determined, but con- 
parative tests indicate that the strength is 
about three times as great as could be 
obtained with the same weight of steel of 
the ordinary type. With an astatic sys 
tem, the sensitivity depends directly upon 
the strength of the needles, so the stronger 
needles constitute a distinct advantage. 
The total weight of the suspended system 
is about 6 g. The outer case of the mag- 
netometer is made of sections of bras 
tubing which are removable so that the 
various parts of the suspended system are 
easily accessible. 

In setting up and attempting to use the 
apparatus two difficulties were encountered 
which may be of interest to mention. As 
first set up the zero was found to drift 

m badly. For several days the reading was 

A brought back to zero each day by adjusting 

- 2.—Magnetometer the torsion head, but the zero continually 
PEE SENT drifted in the same direction, sometimes 4 
much as 5cm ina day. Various parts of the apparatus were inves: 
tigated in an attempt to locate the reason for this behavior, which 
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was finally traced to the supporting rod &. It was found that, ap- 
parently due to the relief of internal stresses, the rod was continually 
twisting. ‘The trouble was eliminated by annealing the rod at 500° 
(. The second difficulty was a tendency for the shellac to yield grad- 
ually, thus lowering the system and altering the sensitivity and 
compensation. This difficulty was obviated by heating the shellac 
to slightly above 100° C. and holding it at this temperature overnight 
after application to the rod and suspension hook but previous to 
attaching the quartz fiber. One suspension mounted in this way has 
now been in use several months without signs of yielding. 

On account of the variability of the field in which the magnet- 
ometer is located, its behavior depends largely upon the care with 
which the relative strengths and orientation of the needles are ad- 
justed. Not only is the field variable, but also there is a vertical 
vradient in horizontal intensity. The gradient amounts to a varia- 
tion in field strength of about 0.3 per cent per cm of vertical dis- 
tance. It is necessary, therefore, in order to make the resultant 
torque zero, to adjust the strength of the needles so as to be inversely 
proportional to the respective strengths of the field in which they 
hang. This adjustment can be made only approximately, because 
the ratio of the field strengths at the two positions is constantly 
changing. The wandering of the zero due to this cause is a func- 
tion of the variation in this ratio. 

While it is essential to have the relative strengths of the needles 
properly adjusted, it is even more necessary to have their magnetic 
axes parallel. If there is an angle between the two axes, there is 
a resultant magnetic moment nearly at right angles to the needles, 
and any variation in the strength of the earth’s field causes a wander- 
ing of the zero. In addition to this, if the magnetizing and com- 
pensating coils are adjusted to give no torque at the zero position, 
the compensation does not remain good if the system is deflected. 
The reason for this can be shown as follows: 

Let 
7’, =torque of upper needle, 
7’, =torque of lower needle, 
6 =angle between axis of coils and upper needle, 
a =angle between axes of the needles, 


6+a =angle between axis of coils and lower needle. 
then 
T,=k, sin 6 


T,=k, sin (0+a) 
where &, and &, are constants. When the system is compensated 
Z —= : al 


k, sin 0=k, sin (6+ a) 
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This condition can hold good for more than one @ only when «=>, 
In other words, in order for the compensation to remain good whey 
the needles are deflected by the magnetic field of the specimen, the 
magnetic axes of the needles must be parallel to each other. 

The adjustment of the magnetometer system is carried out 4s 
follows: 

1. The magnet system is replaced by an equivalent nonmagnetic 
weight, and the torsion head is adjusted so as to bring the reading 
to zero. This adjustment is not subsequently altered. 

2. The upper hook of the magnet system, which is held by fric. 
tion, is then oriented so as to bring the needles approximately per. 
pendicular to the earth’s field when suspended, and the relative 
strengths of the needles are adjusted so that, when the system is sus. 
pended, the reading is zero, thus indicating that there is no resultani 
torque. This is most conveniently done by reducing the strength of 
the stronger needle by subjecting it to the influence of a powerful 
permanent magnet, 

3. Next, the lower needle is removed and the hook so oriented as to 
bring the reading to zero when the system is suspended. In this posi- 
tion there is no torque on the suspension, as the needle is oriented in 
the direction of the earth’s magnetic field. 

4. The lower needle is then replaced and so oriented with aspect 
to the upper needle that when the system is again hung on the sus- 
pension the reading is zero, thus indicating that the torque due 
to each needle is completely balanced by that of the other. The 
system is then in proper adjustment. 

In locations where there is considerable magnetic disturbance due 
to stray fields it is desirable to make the final adjustment at a time 
when the disturbances are a minimum, which is generally some time 
in the neighborhood of 3 a.m. The adjustment of the system as at 
present constructed is rather tedious because there is no provision 
for twisting the various elements with respect to each other by known 
small amounts. It is possible that considerable improvement could 
be made in this respect, though it would be objectionable to increase 
the weight of the system. 

As stated earlier, the behavior of the magnetometer is largely a 
function of the care with which the initial adjustments are made. 
On account of the nature of the variations in the magnetic field 1 
is not possible to eliminate entirely the wandering of the zero. It 
has been possible, however, so to adjust the system that when the 
sensitivity is such as to give a maximum deflection of 20 cm the 
wandering is not over 1 mm. The feasibility of improving this 
performance to any appreciable extent is rather doubtful. 
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IV. COILS AND FURNACE 


The magnetizing solenoid consists of 16 layers of No. 12 double 
cotton covered copper wire wound on a brass form 36 cm in length. 
For convenience a tap was brought out from every fourth layer. 
The total number of turns is 2,364, and the field at the center calcu- 
lated on the basis of a coil of infinite length and the same number of 
turns per cm would be 83.1 times the current in amperes. In order to 
accommodate the furnace, however, the inside diameter has to be 
rather large, about 8 cm, so that the actual value is nearly 5 per cent 
less. The magnetizing field in gilberts per cm at the center of the 
solenoid as calculated and checked experimentally is 79.2 times the 
current in amperes and for a distance of 12 cm at the center does not 
vary by more than 2 per cent. 

The compensating coils are wound on brass forms 10 cm long of 
approximately the same inside diameter as the main magnetizing 
coil and have 22 layers of No. 12 double cotton covered wire. It was 
at first intended to locate one compensating coil on the opposite side 
of the magnetometer from the magnetizing coil, but as finally set up 
it was found more convenient to have it on the same side. Conse- 
quently, since this coil must be quite near the magnetometer, only the 
outside layer of the winding is actually used. 

The three coils are mounted on bases which slide on bronze tracks 
permanently secured to the table. The coils were carefully oriented 
so as to be coaxial, as any angle between the axis of the magnetizing 
and compensating coil would give a component of field in the direc- 
tion of the magnetometer needles. If this condition exists, the sensi- 
tivity varies with the current in the coils (the Erhardt effect) .* 

The furnace consists of a bifilar winding of platinum strip wound 
on an alundum tube approximately 2 cm in diameter. This winding 
is noninductive to such a degree that with 5 amperes d. c. flowing 
there is no appreciable effect on the magnetometer. To prevent short 
circuiting, the winding is held in place on the tube by means of 
alundum cement. 

Alternating current for heating is provided by an autotrans- 
former with which the supply voltage can be regulated in steps of 
0.1 volt. This arrangement gives exceptionally good control of 
rate heating or cooling. The temperature in the furnace is uniform 
to within 8° C. over a length of approximately 12 cm at the middle. 

Surrounding the furnace is a brass water jacket to which water 
is brought by means of brass pipe and rubber tubing. The cooling 
is very effective, no rise in temperature being observed in the magnet- 
izing winding even with the furnace operating at 1,000° C. 





“Gray and Ross, An Improved Form of Magnetometer, Proc, Roy. Soc. Edinburgh, 29, 
P. 182; 1908-9. 
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The specimens are supported within the furnace by means of 
glazed porcelain tube 1 cm in inside diameter and 50 cm long. Ar. 
rangements can easily be made for heating in a vacuum or in , 
gaseous atmosphere. 

Temperatures are measured by means of a Pt, Pt-10 per cent Ri 
thermocouple, and a Leeds & Northrup type K potentiometer. Tlie 
cold junctions are maintained at 0° C. by means of an ice box in 
the usual way. 


V. EXPERIMENTAL PROCEDURE 


Observations are ordinarily made in the following way: Firsi, 
the magnetizing coil is set at the required distance from the magneto- 
meter, and, with no specimen in the coil, the compensating coils are 
adjusted so as to exactly neutralize the effect of the magnetizing 
coil. The final adjustment is made by moving the coil C,. The 
sample and thermocouple are then inserted and the reading of the 
magnetometer noted when the magnetizing current has been set to 
the proper value. After starting the circulation of the cooling water 
the heating current is turned on and adjusted to such a value as to 
give the desired heating rate. The potentiometer is then set for the 
first temperature at which an observation is to be taken and the read- 
ing of the magnetometer is noted when the given temperature is 
reached. The potentiometer is then set for the next temperature and 
so on. 

The results obtained depend somewhat upon the form of specimen 
and in particular upon the ratio of length to diameter. Kor a cylin 
drical specimen in a uniform magnetic field the effective magnetiz- 
ing force is less than the impressed force. 


H=H’—-NI (7) 
where 
H =the effective magnetizing force, 
H’=the impressed magnetizing force, 
N =the demagnetizing factor, and 
J==the intensity of magnetization. 

The factor V varies with the dimensional ratio. Since the inten- 
sity oi magnetization depends upon the susceptibility of the mate- 
rial and the susceptibility varies with temperature, it is obvious that. 
as the test proceeds, the effective magnetizing force also varies. For 
specimens having a small ratio of length to diameter there is 2 
tendency for the effect of a change in susceptibility to be neutralized 
by the resulting change in the value of the effective magnetizing 
force. Under these conditions the effect of structural changes may 
appear to be so small as to go unnoticed. 





Sonford] Thermomagnetic Analysis 667 


In view of the fact that other apparatus in use in the laboratory 
for testing small samples is adapted for specimens 6 mm in diameter, 
this was chosen as the standard diameter for this test. In order to 
have as uniform temperature conditions as possible it is advisable 
to use the shortest specimen which will give satisfactory results. By 
experiment it was found that the specimens should be at least 8 cm 
long, and preferably 10 cm. Accordingly, the specimens are usually 
6 mm in diameter and 10 em long with a small hole drilled axially in 
one end for insertion of the thermocouple. 

It is desirable to work with the distance from the specimen to 
the magnetometer as great as possible, for under this condition the 
compensation is most easily adjusted and maintained. 

It is generally not necessary to know the exact value of magneti- 
zation of the specimen, as the significant data are the temperatures at 
which definite changes in magnetization occur. These are shown by 
the form of the curve obtained by plotting magnetization, represented 
by magnetometer deflection, against the corresponding temperature. 
However, when calibration is desired, it can most easily be accom- 
plished by means of a specimen of known magnetic properties. This 
procedure has been found preferable to the use of a standard coil on 
account of the short distance between the magnetometer needles and 
the finite length of the specimen. 


VI. TYPICAL RESULTS 


In Figures 3 to 7, inclusive, are shown typical results obtained with 
the apparatus. Figure 3 represents the magnetic behavior of pure 
iron when heated above the transformation temperature. For the 
magnetizing force used, 200 gilberts per cm, there is no appreciable 
drop in magnetization until a-temperature of approximately 725° C. 
is reached. From then on the drop is rapid to about 775° C. The 
approach to the zero value is more gradual and it is usually very 
difficult to determine the exact temperature at which magnetization 
completely disappears. This is characteristic of all ferromagnetic 
materials, 

Nickel, as indicated in Figure 4, shows somewhat different char- 
acteristics in that the magnetization begins to drop immediately upon 
the start of heating. The magnetic transformation temperature of 
nickel is much lower than that of iron. Magnetization is practically 
completely lost for the sample of Figure 4 at a temperature of 
approximately 330° C. The applied magnetizing force was 240 
gilberts per cm. 

When a material is made up of two or more magnetically distinct 
constituents having different magnetic transformation temperatures, 
their presence may be detected by means of the resulting breaks in 
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the magnetization-temperature curve. One such instance is shown jn 
Figure 5. The break in the region of 215° C. is due to the trans. 
formation of the iron carbide, Fe,C, present in the annealed carbon 
alloy. Iron carbide is magnetically distinct from iron, has a much 
lower saturation value, and a magnetic transformation temperature 
of about 215° C. Figure 5 also illustrates the lag generally found 
between the loss of magnetization on heating and the recovery on 
cooling. 

Figures 6 and 7 represent runs on the same sample of malleable 
east iron. In malleable cast iron the carbon is normally in the form 
of graphite and not combined with iron to form the carbide, In 
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Figure 6 there is no trace of the carbide transformation at 215° C. 
but in Figure 7 the transformation is very evident. The specimen 
had been heated to approximately 800° C. seven times before the run 
of Figure 7. Some of the carbon has evidently combined with iron 
to form the carbide as the result of these repeated heatings. 

There are influences other than structural transformations which 
may lead to variations in magnetic characteristics, so that the data of 
thermomagnetic analysis should always be interpreted with caution 
It appears, however, that this hitherto somewhat neglected metho! 
should be capable of yielding significant and valuable results. 


WasuHineton, October 1, 1928. 
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THE ANALYSIS OF FLUORSPAR 
By G. E. F. Lundell and J. I. Hoffman 


ABSTRACT 


In connection with the standardization of the Bureau of Standards standard 
sample of fluorspar No. 79, old methods of analysis were tested and modified, and 
new methods were developed. This paper sets forth the procedures that have 
been found desirable for the determination of carbonates, silica, calcium fluoride, 
: sulphur, barium, lead, and zinc. 
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I, GENERAL CONSIDERATIONS 


The determinations that are usually made in fluorspar are those of 
calcium fluoride, silica, and sulphur. To these may be added cal- 
cum carbonate or carbon dioxide, lead sulphide, zinc sulphide, the 
| oxides of iron and aluminum, and barium sulphate, which are occa- 
sionally determined, and alkalies, magnesia, titania, zirconia, phos- 
phorus pentoxide and other minor constituents, which are sometimes 
present and would have to be determined in a complete analysis. 


1. CALCIUM CARBONATE 


: The correct determination of calcium that is present as carbonate 
in fluorspar is difficult, because it is impossible to dissolve the car- 


bonate without at the same time dissolving some calcium fluoride. 
28485°—29 671 
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The amount of the latter which dissolves varies with conditions, such 
as the amount of calcium introduced into solution through solution 
of the carbonate, or of fluorine through the solution of other soluble 
fluorides. 

If fluorspar is digested with a 10 to 20 per cent solution of acetic acid, 
practically all of the calcium and magnesium carbonates are dis. 
solved, together with more or less calcium fluoride, iron, aluminum, 
lead, and possibly zinc. Most of the methods now in use call for 
such a treatment, followed by more or less elaborate separations and 
the precipitation of the calcium as oxalate. The latter is then ignited 
to oxide or titrated with permanganate. Even if these methods 
should yield consistent results, they entirely ignore other carbonates, 
such as those of lead, magnesium, iron, and the like, which, if present, 
must also be regarded as impurities in fluorspar. It would seem more 
satisfactory, therefore, to determine carbon dioxide directly by treat- 
ing with acid and catching the gas in a weighed absorbent and to 
report the carbon dioxide so found as ‘‘Total carbonates as CaO0,,” 
Such a determination is not only much more rapid than present pro- 
cedures but gives more significant and consistent results as well. 

If organic matter is known to be absent, it is satisfactory for all 
ordinary purposes to determine carbon dioxide by heating the sample 
in the furnace used for determining carbon in steel, if the usual 
provisions for removing compounds of sulphur are made. This 
procedure is described in the Methods of the Chemists of the United 
States Steel Corporation for the Sampling and Analysis of Fluxes, 
Cinders, and Refractories. 

2. SILICA 


Most of the methods used for determining silica in fluorspar are 
modifications of that described by Bidtel.? In such methods the 
calcium carbonate is removed by extracting with acetic acid. Sul- 
phides are oxidized by roasting with mercuric oxide or by digesting 
with a solution containing potassium bromide and bromine. The 
sulphates so formed are usually removed by digesting with ammo- 
nium acetate, ammonium citrate, or other solvents and then filtering. 
Finally the residue is ignited and weighed, and silica is determined by 
treating with hydrofluoric acid, evaporating to dryness, igniting, and 
again weighing. 

In the absence of appreciable quantities of lead and zine, fairly 
accurate results for silica can be obtained by leaching the fluorspar 
with dilute acetic acid, igniting, weighing, treating with hydrofluoric 
acid, and again igniting and weighing. Lead or zinc sulphides cause 
serious errors in such a method, for on ignition these are gradually 





1W. F. Muehlberg, of the Newburgh Steel Works, Cleveland, Ohio, obtained satisfactory results by 
applying this method to the analysis of the Bureau of Standards standard sample of fluorspar No. 79. 
?J. Ind. Eng. Chem., 4, p. 201; 1912; 6, p. 265; 1914, 
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oxidized to sulphates. According to Hofman and Wanjukow,’ lead 
sulphate begins to decompose at about 637° C., while zinc sulphate 
begins to decompose at about 702° C. The uncertainty as to the 
oxidation or partial decomposition of these substances necessitates as 
complete oxidation or removal of them as possible. 

Treatment with glacial acetic acid containing 20 per cent of liquid 
bromine was found to be more efficacious than the potassium bromide- 
bromine treatment in oxidizing zinc sulphide, but less satisfactory in 
oxidizing lead sulphide. Both constituents were satisfactorily oxi- 
dized by first treating with a solution of bromine in glacial acetic acid 
and then with a solution of potassium bromide and bromine. ‘Treat- 
ment with mercuric oxide was not tried, because mercury vapors are 
objectionable. Im any case the sulphates that are formed can be 
satisfactorily removed by treatment with ammonium acetate. 

Lead and zine sulphides not removed by the preliminary treatments 
are oxidized to sulphates during the ignition of the siliceous residue. 
This should therefore be ignited at temperatures just below 650° C., 
preferably in a muffle furnace, and the final ignition should not be 
unduly prolonged. 

In spite of the fact that the method to be described and similar 
methods give fairly consistent results, it is not to be supposed that 
such results of necessity represent the actual silica content. Some 
silicates may remain unattacked by the hydrofluoric acid treatment, 
and changes occurring between the first and second ignitions may 
cause errors, either positive or negative. 


3. CALCIUM FLUORIDE 


A direct determination of fluorine is rarely, if ever, attempted in 
analyses involving the sale of fluorspar. The usual custom is to report 
the percentage of calcium fluoride as calculated from a determination 
of the calcium that remains after a preliminary treatment which is 
intended to remove calcium that is not present as the fluoride. 
Bidtel’s method * or some modification of it is widely used for the 
determination. In such methods calcium carbonate is first extracted 
with dilute acetic acid and the silica next volatized by means of hydro- 
fluorie acid. These treatments leave lead and zinc, which must also 
be removed. This is accomplished by oxidizing the sulphides to 
sulphates and then extracting with a solution of ammonium citrate 
orammonium acetate containing ammonium citrate. After the lead 
and zine are extracted, together with more or less iron and other 
constituents, the residue is ignited and converted to sulphate by 
treatment with sulphuric acid. The sulphate is then weighed and 





‘Trans. Am, Inst. Mining Eng., 43, p. 523; 1912; Chem. and Met. Eng., 10, p. 172; 1912. 
‘See footnote 2. 
‘Some chemists remove the lead, zinc, iron, and the like by precipitating with ammonium sulphide. 
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the percentage of calcium fluoride calculated on the assumption thai 
only calcium sulphate is present, or else it is dissolved, the calcium 
precipitated as the oxalate, and ignited to the oxide or titrated with 
permanganate. In either case the CaO so found is calculated to 
calcium fluoride. In some methods the residue left after the extrac. 
tion of lead, zinc, iron, and the like with ammonium citrate-ammo.- 
nium acetate is dried, ignited, and weighed as CaF). 

In the umpire method to be described calcium carbonate is removed 
by digesting the sample on the steam bath with a 10 per cent solution 
of acetic acid and filtering. Sulphides are then decomposed and 
removed by usual procedures before determining the calcium that js 
present as the fluoride. In the routine method calcium carbonate 
and the sulphides are removed at the same time by treating the 
sample in turn with a solution of bromine in acetic acid, then with q 
solution of potassium bromide and bromine, and finally with a solution 
of ammonium acetate. 

In any method for the determination of calcium fluoride the follow- 
ing facts should be considered: 

(a) Practically all of the calcium carbonate and calcium sulphate 
in fluorspar can be removed by digesting with 10 to 20 per cent acetic 
acid and filtering. Glacial, or 50 per cent, acetic acid is not so effective 
as the more dilute acid. Ignited calcium sulphate is but slowly 
attacked by dilute acetic acid. Both hydrated and anhydrous cal- 
cium sulphate readily dissolve in dilute acetic acid containing a smal! 
quantity of ammonium acetate. 

(b) Tests show that from 2 to 2.5 mg of calcium fluoride is dis- 
solved when pure calcium fluoride is treated with dilute acetic acid 
as will be described in the ‘‘umpire method.’”’ However, if as much as 
5 per cent of calcium carbonate is present, the amount of calcium 
fluoride dissolved in the same treatment is only about 1 mg, the 
decrease in solubility probably being caused by the common ion 
effect of the calcium. When pure calcium fluoride is treated as 
prescribed in the ‘‘routine method”’ from 6 to 7 mg is dissolved. In 
the presence of calcium carbonate the solubility falls to about 5 mg. 
As calcium carbonate is present in all commercial fluorspar, a correc- 
tion of 1 mg is recommended in the umpire method and 5 mg in the 
routine method. 

(c) Any method that is based on extraction with dilute acetic acid 
will be in error if insoluble compounds of calcium, other than calcium 
fluoride, are present. For example, if calcium silicate were present, 
it would remain with the calcium fluoride and would be counted 8 
the latter. Fortunately, there is apparently little to be feared from 
this source. 

(d) The oxidation of sulphides by roasting is not to be recommendet, 
because there is some loss of fluorine, probably the result of the dis 
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placement of fluorine by the sulphur dioxide or trioxide that is formed. 
If the roasted sample is subsequently treated with dilute acetic acid, 
calcium equivalent to the quantity of fluorine lost will be dissolved, 
and the results for calcium fluoride will be low. In the routine method 
sulphides are converted to sulphuric acid, and this exerts a solvent 
action on the calcium fluoride. Ordinarily this is not serious, but 
there is a tendency toward low results by the routine method if 
sulphur is high. 

(¢) Any lead or zine that escapes extraction in the treatment with 
the solution of bromine in acetic acid, the solution of potassium bro- 
mide and bromine, and the solution of ammonium acetate as described 
in the ‘‘routine method”’ causes a positive error in the result for cal- 
cium fluoride. The error is small, as a rule, for most of the lead and 
zine is extracted and what remains is but partially precipitated when 
the calcium is precipitated as oxalate. 

(f) Calcium fluoride can be decomposed by fuming with either 
sulphuric or perchloric acid. Perchloric acid is advantageous because 
the products are soluble, and the perchlorates do not “‘creep”’ over 
the rim of the crucible as badly as do the sulphates. All or nearly all 
of 1gof calcium fluoride can be converted to the perchlorate by evap- 
orating to dryness twice with 3 to 5 ml portions of perchloric acid in a 
platinum crucible. A third evaporation with perchloric acid after 
transferring the solution from the crucible to a beaker is advisable, 
because any fluorine still left in the solution will cause low results, 
especially in the routine method. The perchloric acid may be evap- 
orated rather rapidly, but the residue in the crucible should not be 
heated too strongly when it is just approaching dryness, because of 
possible mechanical loss. Perchloric acid is not hazardous unless in 
contact with strong reducing material at temperatures above 100° C. 
If organic matter is present, heat with perchloric acid at 100° C., add 
nitric acid dropwise until reaction ceases, and then heat until the 
perchloric acid volatilizes. 

4. SULPHUR 

Sulphur in fluorspar is usually determined by fusing the sample 
with an oxidizing flux, extracting the melt with water, and finally 
precipitating and weighing as barium sulphate. Melts obtained with 
potassium carbonate and potassium nitrate dissolve more rapidly 
than those obtained with sodium carbonate and sodium nitrate and 
lead to equally accurate results. 

Unless great care is exercised in fusing fluorspar, the very fluid 
melt will overflow or ‘‘creep” over the top and adhere to the outside 
surface of the crucible. There is little danger of loss; but if a gas 
flame is used this alkaline film on the outside of the crucible or cover 
may absorb a considerable quantity of sulphur. Positive errors from 
this souree were found to be as high as 0.04 per cent of sulphur. 





676 Bureau of Standards Journal of Research [Vols 


The use of an electric furnace in making the fusion is to be recom. 
mended, because with proper care there is little chance of contaminat- 
ing the melt with sulphur from outside sources. 

Alcohol or petroieum ether flames may be used as a source of heat, 
but alcohol flames are somewhat difficult to control, and not all 
petroleum ether is free from sulphur. 

Fluorine accompanies sulphur in the water extract of the melt, 
and most of it must be removed before barium sulphate is precipi- 
tated, lest barium fluoride also be thrown down. Most of the fluor- 
ine can be removed by evaporating the water extract twice with an 
excess of hydrochloric acid, and interference by that which remains in 
solution can be avoided by using only a slight excess of barium chloride 
in the precipitation of the sulphate. 


Il. METHODS OF ANALYSIS 
1. FINENESS OF THE SAMPLE 


The sample should be ground to pass a No. 80 sieve. Coarser 
material has a tendency to decrepitate on ignition. 


2. DRYING 


Fluorspar offers little difficulty in drying or weighing the sample. 
A sample dried for one hour at 105 to 110° C. is satisfactory. 


3. CARBONATES 


Determine CO, by evolving it with dilute HCl (1:1) ® and absorb- 
ing it in ascarite. Less attack on the flask results if H,;BO, is also 
used. If desired, the CO, may be absorbed in Ba(OH), and deter- 
mined by titration. Report as “total carbonates as CaCQ;.” 

The apparatus used by the authors consists of a flask fitted with 
a small reflux condenser which is followed by bulbs or tubes con- 
taining (1) H,SO,, (2) pumice impregnated with anhydrous CuSO,,’ 
(3) “dehydrite” (Mg(ClO,).. 3H:;O), (4) a weighed tube contain- 
ing ascarite and “dehydrite,” and (5) a protecting tube containing 
“dehydrite.” All connections are made by simple mercury seals. 
P.O; may be used instead of ‘“dehydrite.”” Dilute HCl (1:1) con- 
taining 1 g of H,;BO; per 100 ml was used in the evolution of the 
CO). 

A determination of CO, by heating the sample in a combustion 
tube would include organic carbon and possibly a little SiF,. 





* Prepared by mixing 50 ml of the concentrated acid with 50 ml of water. This system of designating 
dilute acid is used throughout the paper. For example, dilute HCI (5 : 95) denotes a solution containing 
5 ml of the concentrated acid and 95 ml of water. If no dilution is specified, the concentrated reagent is 
intended. 

7 Prepared by saturating pumice with a solution of CuSO,, drying and heating at 150 to 160° C. for four 
to five hours. 
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4. SILICA 


Transfer a 1.000 g sample to a 50 ml beaker, add 3 ml of acetic 
acid-bromine mixture,® cover the beaker, and digest on the steam 
bath for 10 minutes. Next add 10 ml of water and 10 ml of potas- 
sium bromide-bromine mixture ® and digest for 40 minutes. Finally 
add 5 ml of a 50 per cent solution of NH,C,H,O, and digest for 10 
minutes. Add a little paper pulp and filter on a paper of close texture. 
Wash with 30 to 40 ml of hot water, ignite in platinum at approxi- 
mately 650° C., cool in a desiccator, and weigh. Treat with about 
3 ml of HF, break up the lumps or cakes with a platinum rod, and 
evaporate to dryness. Repeat the treatment with HF, ignite at 
approximately 650° C. for about five minutes, cool, and weigh. The 
difference between the two weights is to be regarded as silica. Owing 
to the possible retention of some lead and zinc, the temperature of 
ignition should be rather closely controlled. This can be conveni- 
ently done in a muffle furnace. 

By this method the authors obtained an average of 1.89 per cent 
of silica in the Bureau of Standards fluorspar No. 79. Eight of the 
cooperating analysts obtained an average of 1.87 per cent, the extreme 
results being 1.74 and 1.95 per cent. By the use of a method in 
which the fluorine was removed before the determination of silica, 
an average of 1.77 per cent was obtained by the authors. 


5. CALCIUM FLUORIDE 


(2) Umprre Mrernov.—Transfer 0.5000 g of the sample (dried at 
105 to 110° C.) to a 30 ml platinum crucible, add 15 ml of 10 per 
cent HC,H,O, and digest on the steam bath for one-half hour, stirring 
with a small glass rod at 5-minute intervals. Filter through a 7 cm 
filter paper of close texture and thoroughly wash the crucible and 
paper with small portions of hot water, using about 35 ml in all. 
Transfer the paper and precipitate to the crucible, dry, and ignite at 
a dull red heat. 

Treat the residue in the crucible with about 3 ml of HF and evapo- 
rate to dryness. Add 1 to 2 ml of H,SO, and evaporate to dryness 
under the hood. Cool, wash down the inside of the crucible with 
1 ml more of H,SO, (in order to catch any undecomposed particles of 
calcium fluoride), and again evaporate to dryness. Two or three 
evaporations with 3 to 4 ml of a 60 to 70 per cent solution of HClO, 
may be substituted for the evaporation with H.SO,. Cool the 








* Add 20 ml of liquid bromine to 80 ml of glacial HC:H30: and mix thoroughly. If liquid bromine comes 
'n contact with the skin, painful burns will result which can be checked and relieved by quickly immersing 
and thoroughly rubbing the wound in carbon tetrachloride, and then allowing it to dry. The evaporation 
of the tetrachloride carries with it the free bromine. 

‘A 20 per cent solution of KBr saturated with Br2. Transfer 500 g of Br to a liter bottle, add 700 ml of 
8 20 per cent solution of KBr, and cautiously shake. When the solution is exhausted, more of the 20 per 
cent solution of KBr may be added. 
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crucible and immerse it in a beaker containing 150 ml of dilute Hc) 
(5:95). Warm gently and remove the platinum crucible, being su,» 
to cleanse it from adhering particles of CaSQ,. 

Boil the contents of the beaker for 10 minutes, and if any insoluble 
matter remains, filter, wash, and ignite the residue in platinum.” 

Pass H.S into the clear filtrate for a few minutes and then make the 
solution ammoniacal. Continue the current of gas for 10 minutes 
and allow the precipitate to settle for 20 to 30 minutes. Filter and 
wash with NH,Cl—(NH,).S solution.” 

Neutralize the filtrate and washings with HCl, add 20 ml of the 
acid in excess, and boil for two to three minutes to expel most of the H,S. 
Add KBr-Br, solution ” until the solution remains yellow, boil until 
the finely divided sulphur has been oxidized, and continue the boiling 
until the bromine has been expelled. Filter if sulphur or sulphides 
are not removed by the treatment with bromine. Precipitate the 
calcium in the filtrate in a volume of about 200 ml by adding 2 ¢ of 
(NH,).C,0,.H,O and then NH,OH slowly and with stirring until the 
solution is slightly ammoniacal. Heat on the steam bath for one- 
half to one hour, stirring occasionally, cool to room temperature, and 
filter on a paper of close texture. Wash with a cold 0.1 per cent 
solution of (NH,),C,0,H,.O, ignite to constant weight, and calculate 
the CaO to CaF, (factor=1.392). The determination may be fin- 
ished by titrating the calcium oxalate with a standard solution of 
KMnO,. In this case filter through a platinum or asbestos pad, 
finally wash the CaC,O, with three or four 10 ml portions of cold 
water, and titrate as usual. To the CaF; found should be added 0.20 
per cent to allow for the fluoride dissolved by the HC,H,O, and this 
result then corrected in accordance with the results obtained in a 
blank carried through all steps of the determination. 

It is believed that analyses made by this method should be accurate 
to +0.25 per cent. 

The use of platinum crucibles for the initial digestion with HC,H;0, 
obviates the quantitative transfer of the residue to the paper, and this 
saves time and keeps the volume of the washing solution at a min- 
mum. Digestion can, however, be carried out in small glass beakers. 
A small rod just a little longer than the depth of the crucible is very 
convenient to use in stirring the solution during the digestion and to 





10 This residue may consist of BaSO.y, PbSO., or undecomposed CaF2. Owing to the small size of the 
sample originally taken, it is not advisable to determine lead and barium at this point. The residut 
should be treated, however, with a few drops of HF and H2S0O,, heated until these are expelled, digesi# 
with 1 to 2 ml of HCI on the steam bath, and the solution added to the main solution for the determina 
of calcium. If the original material contains much barium, more or less BaSQ, separates, but this is o! 0! 
consequence. 

11 Prepared by passing a moderate stream of H2S for five minutes through a solution containing 5m!“ 
NH,OH and 10 g of NHC! per liter. 

2 A 20 per cent solution of KBr saturated with Brs. See method for silica. The addition of KBr-5n 
solution soon after acidification is more efficacious in removing sulphur than it would be if the boilll# 
were continued until sulphur coagulated and the K Br-Bra then added. 
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pour against as the solution is transferred from the crucible to the 
paper. 

After the treatment with HC,H;O,, particles of the residue adhere 
to the surface of the crucible near the rim. These should be brushed 
to the bottom of the crucible with a piece of moist filter paper. 

Sulphur is removed before caleium is precipitated, because sulphite 
or sulphate is formed when calcium oxalate containing sulphur is 
ignited, and in large precipitates these can not be entirely decomposed 
even by strong ignition. Results would consequently be high. 
Removal of sulphur is not needed if titration is to follow. 

The results given under the umpire method in Table 1 are averages 
of closely agreeing analyses made by the authors. By the use of the 
method, 12 chemists who cooperated in the analysis of Bureau of 
Standards sample of fluorspar No. 79 obtained an average of 94.88 
per cent of CaF, with variations from 94.72 to 95.27. 

(6) Routine Mretuop.—Add 3 to 5 ml of 60 to 70 per cent HClO, 
to the residue obtained in the determination of silica as already de- 
scribed and evaporate to dryness in a radiator or over an asbestos 
gauze. Repeat the evaporation with HCIQO,, cool, add 3 to 5 ml 
of dilute HCl (5:95), warm slightly, and transfer the solution and any 
residue to a beaker. Add 3 to 5 ml of HCIO,, again evaporate to 
dryness, cool, and take up the residue in 100 ml of dilute HCl (5:95). 
The solution at this point should be clear unless the original material 
contains much barium and sulphur. BaSQ,, if present, does not 
interfere. Transfer the solution to a 250 ml graduated flask, make up 
to volume, mix well, and pipette a 100-ml portion into a 400-ml 
beaker. Heat the solution nearly to boiling, add NH,OH until 
methyl red just turns yellow, and then a solution of H,C,O, (10 g of 
H,C,0,.2H,O per 100 ml of water) dropwise until the red color 
reappears. Now add 10 ml of the H;C,O, solution and 50 ml of a 
saturated solution (about 4 per cent) of (NH,).C,0,.H,O. Digest on 
the steam bath for one-half to one hour, cool to room temperature, 
filter through a platinum or asbestos pad in a perforated crucible, wash 
the beaker and precipitate a few times with cold water.’* Return the 
crucible and precipitate to the beaker in which the precipitation was 
performed, add 100 ml of dilute H,SO, (5:95), heat nearly to boiling, 
and titrate with 0.2 N KMnO,. Miultiply the number of ml required 
by 2.5 and then by the titer of the solution. (1 ml of 0.2N KMn0O,= 
0.00781 g of CaF,.) To the result should be added 0.0050 g of 
calcium fluoride to correct for that dissolved during the treatment 
with acetic acid and the solution of potassium bromide and bromine. 

This method should be used for routine analyses only. The 
results should be accurate to +0.5 per cent, although in most cases 





\ Filtration can be made through paper if desired. In this case, the washed precipitate should be sluiced 
‘nto the beaker and the paper added just before the end point is obtained. 
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the accuracy is better than this, as is indicated in Table 1. By the 
routine method five of the cooperating analysts obtained an average 
of 94.8 per cent, with variations from 94.7 to 95.1. 


TaBLE 1.—Results for CaF, obtained by the use of the recommended methods 





———. 


CaF; indicated 





Umpire method 





Gravi- Routine 

metric, method 
weighing 

as CaO 





Per cent 

1. B. 8. fluorspar No. 79 94. 96 

2. Bethlehem Steel Co.s tandard “‘Q” (recommended value 85.25 per cent) _ 85. 18 
3. Pure ort to which was added CaCOs, PbS, ZnS to make 6 per cent of 

99. 94 














6. SULPHUR 


Mix 1.000 g of the sample in a platinum crucible with 10 ¢g of 
K,CO, and 0.5 g of KNOs, place the covered crucible in the muffle of 
an electric furnace, and heat until the mass is completely fused and 
the melt is quiet. An alcohol or petroleum ether flame may be used 
if an electric muffle is not available. When fusion is complete, 
gently rotate the crucible so that the cooling melt will solidify in a 
layer on the walls. Place the cooled melt in a beaker containing 150 
ml of warm water, digest on the steam bath and stir occasionally. 

When the melt is disintegrated, filter and wash the residue thor- 
oughly with small portions of hot water. Acidify the filtrate with 
HCl and add 20 to 25 ml of HCl in excess. Evaporate to dryness, 
wash down the inside of the beaker, again add 20 to 25 ml of HCl, 
and evaporate to dryness. Dissolve the salts in 100 ml of dilute HC! 
(2:98), filter, wash with hot water, and add 5 ml of a 5 per cent 
solution of BaCl,-2 H,O to the filtrate, which should have a volume 
of approximately 150 ml. Boil for 10 to 15 minutes, allow to stand 
for four hours or preferably overnight, filter, wash with hot water, 
ignite, and weigh as BaSO,. A blank on the reagents should be car- 
ried through all steps of the method. 

In analyses made by the authors an average value of 0.132 per cent 
as compared with the certificate value 0.14 was obtained for the 
Bureau of Standards standard fluorspar No. 79, and 0.28 per cent 
as compared with a recommended value of 0.27 per cent for a standard 
sample of fluorspar prepared by the chemists of the Bethlehem 
Steel Co." 





4 Sample furnished by W. E. Steiner, chief chemist of the Bethlehem Steel Co., Cambria plant, Johns- 
town, Pa. * 
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7. BARIUM 


Transfer 5.00 g of sample to a platinum dish and digest on the 
steam bath for 10 minutes with 10 ml of HF. Then add 5 ml of 
HNO, and 25 ml of 60 to 70 per cent HCIO, and evaporate to dryness. 
Again add 25 ml of HClO, and evaporate to dryness. Repeat the 
addition of HClO, and again evaporate. Take up the dry mass in 
50 ml of dilute HCI (1:9) and heat to boiling. If a residue remains, 
filter, wash with warm water, ignite at as low a temperature as pos- 
sible, and treat with 5 to 10 ml of HF and 5 to 10 drops of H.SO,. 
Expel the acids at a low temperature, fuse with about 1 g of Na,CO,, 
and extract the melt with water. Filter, wash the paper and residue 
with hot water, dissolve the residue in HCl, avoiding more than a 
few drops in excess, and add the clear solution to the main one. 
Dilute the combined solutions to 200 ml, heat nearly to boiling, and 
add dropwise and with stirring 4 ml of dilute H,SO, (1:3). Boil for 
15 minutes and digest on the steam bath for three to four hours. Do 
/ not allow the solution to cool below 40° to 50° C., because of the 
tendency of CaSO, to separate. If a precipitate forms, filter, wash 
with hot dilute HCl (1:99), and then with cold water. Ignite 
the precipitate and weigh as BaSQ,. 

If lead is present in appreciable amount, the BaSO, may be con- 
taminated by PbSO,. To correct for this, add 5 ml of a 20 per cent 
solution of NH,C,H;,O, to the weighed precipitate, digest on the 
steam bath for 30 minutes, filter, and wash with hot water. Adda 
few drops of HCl to the filtrate, treat with H.S, and if any PbS 
forms, remove it by filtration, cautiously ignite it at a dull red heat, 
treat with a few drops of HNO; and H,SO,, and again ignite at a 
dull red heat. Subtract the weight of PbSO, here found from that 
of the mixed sulphates and calculate the percentage of BaO or BaSQ,. 
A corresponding correction should also be made in the subsequent 


determination of lead. 
8. LEAD 


Pass H,S for a few minutes into the filtrate obtained in the barium 
determination and then render the solution slightly ammoniacal. 
Continue the current of H.S for 10 minutes and allow the solution 
to stand at the side of the steam bath for 30 minutes. Filter, wash 
a few times with NH,CI-(NH,).S solution, and discard the filtrate. 
Dissolve the precipitate in 25 ml of hot dilute HNO, (1:2), dilute 
the solution, and repeat the precipitation and washing in order to 
eliminate all calcium which might otherwise be precipitated with 
the lead. Dissolve the precipitate in HNO, as before, add 3 ml of 
H,SO., and evaporate until dense fumes of the acid appear. Cool, 
dilute with water to 50 ml, and allow to stand for three hours or 
over night. Filter, wash a few times with cold dilute H,SO, (1:20), 
ignite the precipitate very cautiously to dull redness (preferably in 
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a muffle or radiator), and weigh as PbSO,. If the sulphate was 
caught on paper instead of asbestos, the ignited residue should be 
treated with HNO; and H,SO, before the final ignition. 

The filtrate from the PbSO, may contain a trace of lead. Ty 
recover this and to free the solution from platinum before zinc js 
determined, adjust the acidity by neutralizing with NH,OH and then 
adding 2 ml of H,SO, per 100 ml of solution. Treat with H,S, and 
if a precipitate forms, filter, wash, and cautiously ignite the residue 
at a low temperature. Treat with a few drops of H,SO, and HNO,, 
again ignite at a very dull red heat, and weigh. Add 5 ml of a 20 per 
cent solution of NH,C,H;O:, allow to stand on the steam bath for 
30 minutes, filter, ignite in the same crucible, and again weigh. The 
difference between the two weights represents PbSO, which should 
be added to that already obtained. This correction is usually so 
small that it need not be made except in very accurate work. The 
treatment with H,S in acid solution, however, should be made to 
remove the trace of lead and the varying amounts of platinum which 
may be present. Otherwise these would subsequently contaminate 


the zinc. 
9. ZINC 


After having removed lead and platinum, boil the filtrate to 
remove H.S, add methyl orange, carefully neutralize the solution, 
and then add enough H,SO, to make the solution 0.01 N. If iron 
or aluminum are present in large amounts, they must be removed 
before the acidity is adjusted, for otherwise they will be precipitated 
in part. Pass a stream of H,S through the cool solution for 30 min- 
utes, allow to stand for one hour, filter on a paper of close texture, 
and wash with cold water. Ignite at a low temperature until the 
carbon of the paper is gone and then at a dull red. Weigh as Zn0 


10. OTHER CONSTITUENTS 


The oxides of iron and aluminum may be determined by the usual 
procedures after fluorine has been volatilized by fuming with H,SO, 
or HCIO,. Alkalies may be determined by the J. Lawrence Smith 
method. 
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AN INTERFERENCE METHOD FOR THE DETERMINA- 
TION OF AXIAL AND OBLIQUE ABERRATIONS 


By A. H. Bennett 


ABSTRACT 


An interference method for the determination of the axial and oblique mon- 
ochromatic aberrations of a lens system is described. Equations necessary in 
the design of the apparatus, and for the computation of the results are given. 
The simplicity of the apparatus, especially the use of but one auxiliary reflecting 
surface, lessens the probability of large instrumental errors. The aberrations of 
three astronomical objectives are investigated, and the results are expressed in 
the form of phase contours. 


CONTENTS 


3. Experimental procedure 
(a) Adjustment of apparatus. _.............--.--___- 
(b) Making the exposures 
(c) Measurement of the plates___...._..__-_-----____ 
(d) Computation of results 
(e) Method of expressing results 
III. Results 
1. Objective of 155 mm diameter and 1,800 mm focal length__- 
2. Objective of 145 mm diameter and 2,900 mm focal length- -_- 
3. Objective of 300 mm diameter and 3,940 mm focal length- _- 
IV. Summary and conclusions 


I. INTRODUCTION 


In a paper on a modification of the Hartmann ' test, based on inter- 
ference, Gardner and Bennett? have described a method for the 
determination of the spherical aberration of a lens system. The fol- 
lowing brief review of its essential characteristics is given, since the 
method described in this paper is a development along similar lines of 
procedure. 

If the small apertures used in isolating the rays in the Hartmann 
method are correctly spaced and of suitable diameter, interference 


' Hartmann, Zeits. f. Instrumentenk., 24, p. 1; 1904. 

I. ©. Gardner and A. H. Bennett, J. Opt. Soc. Am. and Rev. Sci. Inst., 11, pp. 441-452; 1925. Also 
Trans. by H. Kessler, Zeits. f. Instrumentenk., 47, pp. 197-204; 1927, and Geiger and Scheel’s Handb. d; 
Phys., 18, pp. 810-811. 
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fringes are formed between adjacent extra-focal images of thes 
apertures. Advantage is taken of the displacement of the fringg 
caused by differential aberration between adjacent apertures. By 
adding these differential aberrations, determined by a measuremen; 
of the displacement of the fringes, the total phase aberration is found. 
This method combines many of the desirable features of several pricy 
methods. It requires no more elaborate apparatus than that used 
in the original Hartmann method. High precision is obtainabl. 
because the measurements are made on narrow interference fringe 
rather than on the conventional extra and infra focal shadowgraph 
disks, which are always of larger diameter than is desirable. In this 
respect the method is similar to that devised by Merland.’ As ip 
the interference methods of Twyman,*‘ Waetzman and Bratke! 
Michelson,’ and Cotton,’ the magnitudes of the aberrations are 
expressed as phase differences rather than as geometrical aberrations, 

In the present paper the Gardner-Bennett method outlined above 
has been extended to apply to a wave front proceeding from an 
object point, either on the axis or at some distance from the center of 
the field. Measurements can be made along any desired number of 
meridians, and the aberration can be determined at a sufficient 
number of points to enable a contour map to be drawn showing the 
form of the entire wave surface which emerges from the lens. These 
contours are similar in many respects to the Twyman ® interferograms. 

The applications of the method herein described have been r- 
stricted to the measurement of the monochromatic aberrations of 
telescope objectives. In view of the small magnitudes of the aberrs- 
tions present in a well-designed and constructed astronomical tele- 
scope objective, the application of the method to such a lens should 
serve to demonstrate the suitability of the procedure when applied 
to microscope or photographic objectives or other types of lenses. 
A further reason for selecting telescope objectives was the need of 
information concerning the amounts of axial and oblique aberration 
of three astronomical objectives of 54% to 12 inches diameter and 
having focal lengths from 6 to 12 feet, which are a part of the labors- 
tory equipment of the optical instrument section of the Bureau of 
Standards. The resuits of the measurements described in this paper 
are of interest beyond their indications concerning the adaptability 
of the objectives to their special purposes because they also show 
particular effects arising from certain characteristics of design, 
materials, and construction. 





3A. Merland, Rev. d’Opt., 3, pp. 401-413; 1924. 

‘¥. Twyman, Phil. Mag. (6), 35, p. 49; 1918. 

‘ Bratke and Waetzman, Ann. d Phys., 72, 7, pp. 501-515; 1923. 
* A. Michelson, Astrophys. J., 47, pp. 283-288; 1918. 

’ A. Cotton, Physica, 1, pp, 274-283; 1921, 

* See footnote 4. 





Measurement of Aberrations 


Il. DESCRIPTION OF METHOD 
1. THEORY 


If a series of equidistant slits of equal width are placed within or 
beyond the focal point of a lens, the relation between slit width and 
distances between centers can be made such that the separation of 
the geometric bundles of rays at some position along their course will 
permit the first diffraction bands from any pair of adjacent slits to 
overlap. Over the region of overlapping a group of sharp fringes® is 
visible provided the source of light is of small dimensions. It was 
shown in the previously mentioned paper that when the grating is 
placed within the focus the position of the central fringe in each 
group is dependent on the shape of the portion of the emergent wave 
front included between the two corresponding adjacent slits. That 
the same condition obtains when the series of slits is placed beyond 
the focal point can be shown in a similar manner, as follows: 














Fic. 1.—Sketch illustrating theory of method 


In Figure 1 let J be the focus through which the waves are assumed 
to pass, proceeding from left to right, before they are transmitted 
by the diaphragm. A and B are the portions of a spherical wave 
front, with its center at J, which are transmitted through two ad- 
jacent apertures. A’ and B’ represent the corresponding portions 
of the actual wave front distorted by the presence of aberrations. 
The problem at hand is to find the difference in phase between the 
distorted and ideal wave fronts in passing through J, the selected 
focus. In the case illustrated the marginal portions at A’ or B’ 
have been accelerated with respect to the axial portion which is 
tangent to the ideal spherical wave front. The phase acceleration on 
arrival at J is measured by the radial distance between the two wave 
fronts. Portions of the spherical wave front passing through the 
two adjacent apertures would interfere and form a central fringe at 
E on the radius passing midway between A and B. The actual 





'R. W. Wood, Physical Optics, p. 190. 
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fringes are formed between adjacent extra-focal images of thes | 
apertures. Advantage is taken of the displacement of the fringe 
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telescope objectives. In view of the small magnitudes of the aberra- 
tions present in a well-designed and constructed astronomical tele- 
scope objective, the application of the method to such a lens should 
serve to demonstrate the suitability of the procedure when applied 
to microscope or photographic objectives or other types of lenses. 
A further reason for selecting telescope objectives was the need of 
information concerning the amounts of axial and oblique aberration 
of three astronomical objectives of 5% to 12 inches diameter and 
having focal lengths from 6 to 12 feet, which are a part of the labora- 
tory equipment of the optical instrument section of the Bureau of 
Standards. The results of the measurements described in this paper 
are of interest beyond their indications concerning the adaptability 
of the objectives to their special purposes because they also show 
particular effects arising from certain characteristics of design, 
materials, and construction. 





3A. Merland, Rev. d’Opt., 3, pp. 401-413; 1924. 

4 ¥. Twyman, Phil. Mag. (6), 35, p. 49; 1918. 

5 Bratke and Waetzman, Ann. d Phys., 72, 7, pp. 501-515; 1923. 
6 A. Michelson, Astrophys. J., 47, pp. 283-288; 1918. 

7A. Cotton, Physica, 1, pp. 274-283; 1921, 

§ See footnote 4. 
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II. DESCRIPTION OF METHOD 
1. THEORY 


If a series of equidistant slits of equal width are placed within or 
beyond the focal point of a lens, the relation between slit width and 
distances between centers can be made such that the separation of 
the geometric bundles of rays at some position along their course will 
permit the first diffraction bands from any pair of adjacent slits to 
overlap. Over the region of overlapping a group of sharp fringes? is 
visible provided the source of light is of small dimensions. It was 
shown in the previously mentioned paper that when the grating is 
placed within the focus the position of the central fringe in each 
group is dependent on the shape of the portion of the emergent wave 
front included between the two corresponding adjacent slits. That 
the same condition obtains when the series of slits is placed beyond 
the focal point can be shown in a similar manner, as follows: 
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Fic. 1.—Sketch illustrating theory of method 


In Figure 1 let J be the focus through which the waves are assumed 
to pass, proceeding from left to right, before they are transmitted 
by the diaphragm. A and B are the portions of a spherical wave 
front, with its center at J, which are transmitted through two ad- 
jacent apertures. A’ and B’ represent the corresponding portions 
of the actual wave front distorted by the presence of aberrations. 
The problem at hand is to find the difference in phase between the 
distorted and ideal wave fronts in passing through J, the selected 
focus. In the case illustrated the marginal portions at A’ or B’ 
have been accelerated with respect to the axial portion which is 
tangent to the ideal spherical wave front. The phase acceleration on 
arrival at J is measured by the radial distance between the two wave 
fronts. Portions of the spherical wave front passing through the 
two adjacent apertures would interfere and form a central fringe at 
E on the radius passing midway between A and B. The actual 
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distorted wave front likewise forms a central fringe at E’, which is oy 
the perpendicular bisector of the chord A’ B’. The phase difference 
for points A’ and B’ on the actual wave front on arrival at J js 
A A’—B B’ 
r 


Using w to represent the distance between two adjacent fringes in q 





v 
group on the plane at E LE’, the quantity as 


difference at the focus J in wave lengths between the portions of 
the wave transmitted by the two adjacent apertures. 
Hence 


is likewise the phase 


AA’-BB EF 
nN wD 





(1) 

















Fic. 2.—Diagram of apparatus 


The phase difference between an axial point on the wave front 
and a point at any height can be found by adding the consecutive 


values of << for each pair of apertures. 


2. APPARATUS 


A diagram (not to scale) of the apparatus is shown in Figure 2. 
Light from a carbon arc, after passing through a water cell and a 
Wratten No. 73 “monochromatic”’ filter having its maximum trans- 
mission at about 580 mu, is focused through a total reflecting prism 
on the small hole S, of which the diameter is approximately 0.1 mm. 
This artificial star is placed about 2 mm to one side of the axis of the 
telescope objective L, under test. The mirror M is a front silvered 
glass flat, whose diameter should be as large as that of the lens. 
After reflection at M the light is focused at S’. For the determina- 
tion of the axial aberration the entire system was aligned on a very 
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Fic. 4.—Interference fringes 


This illustration is an enlarged negative of only the central portion of an 
entire fringe system 
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rigid optical bench so that the “point” source S and its image S’ 
were symmetrically placed with respect to the axis of the lens. For 
the oblique measurements the source S was kept in the position indi- 
cated, and the mirror M was tilted to throw the image S’ at the 
desired oblique position off the axis. 

At Gis a circular grating, a reproduction of which is shown approxi- 
mately full size in Figure 3. This grating consists of equispaced, 
concentric slits in a silver film chemically deposited on glass. The 
distance between the centers of slits was 1.33 mm, and the slits were 
0.30 mm wide. These dimensions were selected in accordance with 
the relationships expressed in the equations of the next paragraph. 
The surfaces of the glass plate were flat to about 0.1 \ and parallel 
to about 1.5 seconds although, as will be shown later, compensation 
was made for the errors introduced by the glass plate. The fringes 
formed by the interference of light 
from consecutive slits are recorded 
on the photographic plate at P 
(fig. 2). Several of these fringes 
are illustrated in Figure 4, which is 
anegative. In order to avoid fog- 
ging the plate by scattered light, 
the entire apparatus, with the ex- 
ception of the arc lamp, water cell, 
and filter, was inclosed. 

In the design of the diaphragm 
for use with this method the cor- 
rect dimensions must be found if 
satisfactory fringes are to be ob- 
tained on the photographic plate. 
The fringe system is formed at the overlapping of the first diffraction 
bands from each pair of adjacent slits. The angle subtended at the 
diaphragm by the first diffraction band is \/s, where s is the slit width. 
At the diaphragm the angular subtense of consecutive minima in the 
interference system is \/e, where e is the distance between centers 
of the slits. Then, if each interference group is to consist of n fringes 


Fia. 3.—Circular grating (full size) 


e=ns (2) 


In making the measurements of the fringes there should be at least 
three fringes in a group, since it is necessary to determine the distance 
between consecutive fringes. It has been found, however, that it is 
necessary to measure only a few of these values, since they remain 
practically constant over the photographic plate, provided proper 
care is used in obtaining uniform spacing of the concentric slits on 
the diaphragm. In equation (2) it is well to set n=5 if three fringes 
are to be used because of the low intensity of the extreme fringes. 
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The distance between adjacent fringes is 


N 
w= —d (3) 


where d is the distance from diaphragm to photographic plate. For 
overlapping of the first diffraction bands the distance between geo. 
metric, extra-focal images must be 


eo = 3M =3uwn (4) 


8 
The distance between diaphragm and intersection of the ray with the 
axis is 

V= ie (5) 
where a is the distance between the axis and the slit in the diaphragm, 
and 6 is the corresponding distance on the photographic plate. If F 
is the ratio of focal length to aperture of the lens under test and m 
is the number of central fringes corresponding to the semiaperture, 
then 

V=2F me 


By combining the above equations (2) to (6) it is found that: 


_ 6Fmndw 

~ wt+2Fmr 

im 6Fmnw* 
w+2Fmxr 


b= me’ 
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d 


_12F*m’n dw 


V= w+2Fmy (10) 


In designing the apparatus, desired values are assigned to w, the 
fringe width; s, the slit width; n, the number of fringes in a group; 
and m, the number of central fringes corresponding to the semi- 
aperture.” Then, substituting these values in equations (7), (8), 
and (10), respectively, e, the distance between centers of slits; d, the 
distance from focal point to diaphragm; and V, the distance from 
diaphragm to photographic plate, are computed. The necessary size 
of the photographic plate is found from equation (9). 

Some difficulty was experienced at first in accurately ruling the 
concentric slits in the silvered surface of the diaphragm (fig. 3). The 





1%” As will be shown, this number, m, is the number Of points on the graph of phase difference plotted 
against semiaperture. 
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final method of construction was as follows: The silvered disk of glass 
was mounted horizontally on the table of a spectrometer with the 
silvered surface uppermost. The silvered surface was adjusted nor- 
mal to the axis of rotation of the conical bearing supporting the table. 
In order to accomplish this adjustment, an autocollimating telescope 
was mounted vertically above the surface, and the leveling screws on 
the spectrometer table were adjusted until the autocollimated image 
of the reticule of the telescope remained stationary when the table 
bearing the disk was rotated. After removal of the telescope a mi- 
crometer screw, to which was attached a finely pointed German silver 
stylus, was mounted in a horizontal position above the silvered surface. 
The correct movement of the stylus was determined by means of the 
micrometer head, which could be read to 0.001 mm. It was necessary 
to make a preliminary determination of the width of the cut produced 
by the stylus, after which, during the process of cutting, it was possible 
by means of the micrometer screw to move the stylus horizontally 
by the correct amount to engrave slits of the desired width, having 
the predetermined distance between centers. 


3. EXPERIMENTAL PROCEDURE 


| (a) ApsustmenT oF Apparatus.—As shown in Figure 2, auto- 
- collimation was used in the measurements of the phase errors. The 


axial aberration was first determined by having the source and its 
image practically on the axis. In measuring the oblique aberration, 
since the source was kept on the axis, it was necessary to subtract 
the axial aberration from the measured quantity which consisted 
of the sum of the true oblique and axial aberrations. Hence, it was 
| necessary to align the apparatus accurately on an optical bench. The 
| location of the axis of the lens under test (fig. 2) was determined by 
the use of the principle that, if a luminous object is placed on the 
axis, the object and its images formed by reflection from the surfaces 
of the lens all lie in a straight line. After the axis was located the 
mirror M (fig. 2) was adjusted by tilting until its reflecting surface 
| was normal to the axis. With the autocollimating mirror normal to 
| the axis, the object and image become symmetrically placed with 
respect to the axis. The artificial star S (fig. 2) was adjusted laterally 
and longitudinally until it was about 4 mm from its image S’ in a 
plane approximately normal to the axis. The diaphragm contain- 
ing the circular slits and the plate-holding device were constructed 
' 88a camera unit. By means of proper adjustment of this camera 
for height and leveling the diaphragm is made concentric with the 
cone of rays emerging from the star image. When this condition 
_ obtains, the extra-focal images are complete circles. 
(6) Maxine THe Exposures.—In order to avoid errors arising 
_ from tilt of the photographic plate, and from spherical aberration of 
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the plane parallel plate upon which the concentric slits are ruled, o; 
from irregularities of surfaces and index of refraction of this plate 
two photographs were made for each determination of aberration 
The first exposure was made with the apparatus adjusted as hjs 
just been described. A second exposure was made on another plate 
with the star image S’ replaced by a small aperture about 0.1 mm iy 
diameter. This artificial star was placed in the position previously 
occupied by the image with the aid of an auxiliary microscope pn. 
vided with a right-angled objective prism. The same illuminating 
system was utilized to illuminate this comparison star as was used 
for the star S (fig. 2). The set of fringes obtained with the pinholk 
directly represents the ideal condition, since the emerging wave 
fronts are spherical. The fringes on the first plate are found to be 
displaced relatively to those on the second. These relative displace. 
ments arise principally from the aberration of the test lens. It is 
necessary, however, to eliminate similar effects resulting from the 
difference in position of star image and pinhole and the errors of the 
autocollimating reflecting surface. The method of eliminating thes 
errors is treated later in (d) Computation of results. 

(c) MEASUREMENT OF THE PLates.—In measuring the fringes the 
object is to determine the distance from the center of the system to 
the consecutive fringes. It is difficult to have the exact center 
registered on the photograph. On the first trial a small aperture was 
placed at the center of the slit system in the diaphragm, but this 
produced an unsatisfactory center on the photographic plate because 
of overexposure and halation, as very long exposures are required 
to show the fainter fringes. The method finally adopted was 1s 
follows: A very small hole was made in the emulsion near the 
center of the finished plate. The positions of the central fringes in 
each group were measured with respect to this arbitrary point. The 
average of the readings along each of six diameters was found, and 
the differences between the average readings and the readings for 
the arbitrary point were plotted against the azimuths of the dian- 
eters. From the maximum displacement along the resulting sine 
curve and the corresponding azimuth it was possible to locate the 
true center of the fringe system with reference to the arbitrary center 
and make proper correction to the readings for the location of the 
fringes. 

(d) Computation or Resuits.—Let the distaaces from the axs 
to the fringes on the plate exposed with the test lens in position b: 

, and let ¢, C2, ¢s, represent the core 
sponding distances on the plate taken with light emerging directly 
from the comparison star. Then, @;-c;, dy-Ce represelt 
the displacements arising from aberration and, in addition, errors 0! 
the reflecting surface and errors of adjustment of the source of the 
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reference wave front. If w is the distance between two adjacent 
fringes, 
.. ats. 4, Gn —Cy 





are the differences in phase between points on the actual wave front 
corresponding to the respective adjacent apertures in the diaphragm. 
n 


Hence, = the difference in phase, at the nth aperture, 
1 

between the wave front emerging from the test lens and the spherical 
reference wave front emerging from the pinhole. As has been pointed 
out, the reference wave front may have its center displaced laterally 
or longitudinally from the position of best focus; that is, position of 
smallest phase residuals, although the error is small by reason of 
the method used in setting the pinhole to occupy the position of the 
image. Any error in placing the pinhole may give rise to a tilting 
' and a change in center of the reference wave front. Hence, in 
computing the results it will generally be necessary to refer the 
actual wave front to several reference wave fronts having their cen- 
ters at various positions along the axis (for axial measurements) or 
the chief ray (for oblique measurements) by which means the effects 
of a change of focus on the phase residuals are determined. In 
addition, the reference wave front is tilted until greatest symmetry 
| of phase residuals appears over the entire wave front under investi- 
gation. These corrections are made empirically in the following 
manner. 

Yn represent the distances from the center of the 
diaphragm to the respective concentric slits, the effect of a tilt of the 
reference wave front on the phase difference for different apertures 
can be expressed as 


m=K y, sin y, K y, sin y, ; (11) 


where X is a constant for all zones of the wave front; that is, all 
values of y, and y is the azimuth of the meridian of the wave front 
| measured from the axis of tilt. The value of XK, which is the angle 
of tilt, and the azimuth of the axis of tilt which furnish the most 
symmetrical distribution of the phase residuals about the axis are 
found empirically. 

The effect of a change in curvature of the reference wave front 
_ on the phase residuals for any aperture is expressed by 


ar=C yy’, Cy’, ; (12) 


where C is a constant for all values of y and is made of such value as 
to reduce the total phase residuals of the lens to a minimum. The 
28486°—29——_-2 
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phase residuals between the actual and ideal wave fronts can now be 


written 
n 
An Co . 2 \ 
n= ae sin ¥ YtC yn (13) 
1 


where a is the distance from center to fringes on the plate taken 
with actual wave front, c the corresponding distance on plate taken 
with the reference wave front, y the distance from center to slit in 
diaphragm, and K and C the constants of equations (11) and (12), 
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Fia. 5.—Graphs showing variation in phase differences 
with change of focus 


In computing the graph marked “best focus’”’ the value of C (equation 
(13)), which gives smallest phase differences, was used 


(e) Meruop or ExpressinG Resutts.—The values of 7, the phase 
differences, are plotted against corresponding values of y, the semi- 
apertures of the diaphragm. The latter are closely proportional to 
the corresponding semiapertures of the objective under test. Figure 
5 illustrates a family of such graphs for a single meridian of the 
wave front. Here various values of the constant C, equation (13), 
have been applied in order that the phase difference at the best 
focus can be determined. Such graphs are obtained for each meridian 


1 In equation (13) it should be noted that, by the use of autocollimation, the actual wave front has twice 
the aberration produced by the lens as it is ordinarily used with incident light in the case of axial imagery. 
For oblique imagery the axial aberration is also included in the expression for 7, the phase difference. 
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of the wave front measured. From these a set of contours, showing 
lines of equal phase difference over the entire wave surface can be 
easily drawn. In most of the examples given meridians at intervals 
of 30° were measured. Asarule, meridians 30° apart will be sufficient 
to enable one to gain information concerning the entire wave front, 
although in cases of irregularity of surfaces of the test lens or lack of 
homogeneity of the glass it may be desirable to select meridians at 
smaller intervals. 


Ill. RESULTS 


The monochromatic aberrations of three telescope objectives were 
investigated by the method described. Phase contours,” represent- 


Fia. 6.—Phase contours for best axial focus of objective 
No. 1 


ing the axial and oblique aberrations, were drawn. In all cases the 
center of the map is taken as the position of zero phase difference, 
and the numerical values of the contours are indicative of the phase 
difference expressed in wave lengths (A\=580 my). 


1. OBJECTIVE OF 155 mm DIAMETER AND 1,800 mm FOCAL LENGTH 
(NO. 1) 


The contours of Figure 6 show the axial aberration at the best 
axial focus. The contours are drawn at intervals of 0.2\. This 
lens shows a departure of 0.6 at the edge. However, if the lens is 


" The characteristic forms of phase contours corresponding to the various geometrical aberrations have 
been discussed by F. Twyman, Trans. Opt. Soc., London, 22, pp. 182-185; 1920-21; and also by G. OC. 
Steward, Camb. Phil. Soc, Proc., 24, pp. 166-170; January, 1928. 
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stopped to about two-thirds of its diameter the Rayleigh tolerance 
of 0.25\ is not exceeded. The small irregularities in the contours 
are probably the effects of lack of homogeneity of the glass or errors 
arising from slight deformation of surfaces. In the apparatus as 
previously described for testing this lens the mirror M (fig. 2) was 
tested for flatness by the interferometry section of the Bureau of 
Standards. The surface was found to be slightly spherical with a 
sagitta of about 0.14. The sphericity of this optical flat does not 
enter as a correction factor in the results because it simply neces- 
sitates a slight amount of refocusing, which is the equivalent of 
changing the factor C.in equation (13). The extremely small aber- 
ration produced by this reflecting surface itself is neglected, since it 
is of a smaller order of magnitude than the actual aberration of the 
telescope objective under test. No irregularities greater than 0.01 
| in the flat were found, hence their effect on the contours could also 
be neglected. 

Figures 7 (a), 7 (6), and 7 (c) show the oblique aberration of this 
lens for an obliquity of about 2.5° to one side of the axis. Figure 
7 (b) indicates the phase errors at the best focus for this obliquity. 
At this angular distance from the axis, which is large for a lens of 
this type, the definition is seriously impaired by the presence of astig- 
matism and coma which produce phase errors ranging from +5 to 
| —5 whole wavelengths. Figure 7 (a) shows the contours correspond- 
| ing to one astigmatic focus, and Figure 7 (c) shows the other astig- 
matic focus. These two foci lie on opposite sides of the most nearly 
| symmetrical focus. . The asymmetry of the patterns is indicative of 
| alarge amount of coma. This is in accordance with the fact that 
| the correction of coma was not sought in the original design of the 
| objective which has an equiconvex crown component. 


b 2. OBJECTIVE OF 145 mm DIAMETER AND 2,900 mm FOCAL LENGTH 
(NO. 2) 


| The axial aberration of the above lens is shown in Figure 8. In 
} general, the aberration of the best axial focus does not exceed + 0.2 X, 
| but there are small regions in the lens in which the error reaches a 
| value of —0.2 \, as shown in the left side of the figure. A considera- 
| tion of the graphs of phase difference plotted against semiapertures 
which were made preliminary to the contours showed that these 
two areas of negative phase difference are not joined. It is believed 
that these regions represent an actual variation on optical path 
| arising from irregularity of surface or heterogeniety of the glass or, 
perhaps, a combination of the two. 

The oblique aberration at an angular distance of 10 minutes from 
the axis and at the best oblique focus is shown in Figure 9. The 
aberration varies from +0.2 \ (over a small portion of the figure) 
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Fic. 8.—Phase contours for best axial focus of objective 
No. 2 


2 


Fic. 9.—Phase contours for best oblique focus of objec- 
tive No. 2. (Obliquity 10’) 
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to —0.6 . At this angle the contours show an asymmetry which 
indicates a radial flare in the image, since the lens is considered to be 
tilted about a vertical axis. With this objective the same flat was 
used as with the one previously discussed, and likewise it was not 
necessary to correct the results for errors introduced by the flat. 


' 3. OBJECTIVE OF 300 mm DIAMETER AND 3,940 mm FOCAL LENGTH 
(NO. 3) 


This objective is an achromatic doublet, corrected for spherical 
aberration and coma. Although the largest flat available was used 
for autocollimation, unfortunately it was not of sufficient size to cover 
' the entire aperture of the objective. The aperture covered by the 
flat was 258 mm in diameter, and the contours of this lens represent 
conditions over this aperture. The flat was found to be convex 
but did not sufficiently approach a true sphere, so that the departures 
| from sphericity could be neglected. The flat was measured by the 
| interferometry section of the Bureau of Standards, and the departures 
| from flatness were found to be expressible by the equation 


y= — 719.7 X 1077 2? + 2.239 X 10- 2*— 2.809 x 10-8 2” (14) 


| where y is the departure from flatness expressed in half-wave lengths 
© (\=0.5876u), and z is the distance from the center of the flat in 
' millimeters. The flat impresses twice its sagitta on the wave front 
| after reflection; hence, the error in phase arising from the flat is 


” aar= — 719.7 X 1077 2? + 2.239 X 107% xt—2.809X 107 z® (15) 


» where 7 ga is expressed in whole wave lengths. For the axial meas- 
} urements, 7 in equation (13) represents twice the phase aberration of 
| the lens combined with the aberration of the flat, » a, and the latter 
; is used as a correcting value. In making the oblique measurements, 
' 7, equation (13), is a combination of the axial aberration, the aberra- 
} tion produced by the flat, and the oblique aberration. Since the first 
two aberrations are known, the latter is found simply by subtraction. 
/ A point of interest in connection with the lens is that, in testing 
| the lens visually during its construction, the autocollimated image of 
q an artificial star was examined by racking the eyepiece in and out of 
| the focus. Presumably the same flat was used during these con- 
§ structional ‘tests as was used in the present investigation, and it is 
» ‘ound that this objective contains errors which are neutralized to a 
certain extent by the errors of the flat. This is illustrated by Figures 
» 10(@) and 10(b). Figure 10(a) shows the axial aberration at the 
} best focus of the lens when the flat is considered perfect; while, if 
; correction is made for the errors of the flat and the best focus again 
» found, the contours of Figure 10(b) are obtained, indicating an 
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Fia. 10.—Phase contours for best axial focus of objective 
No. $ 
a, Combined errors of lens and flat. 6, Errors of lens only, with cor- 


rection made for errors introduced by flat. This illustration 
indicates that the errors of lens and flat tend to neutralize each other 
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nerease of positive phase aberration (overcorrection) near the center 
and at the edge an increase of the negative aberration (undercorrec- 
tion). This indicates the importance of using accurate flats in testing 
enses during the process of construction. 

The diagram (fig. 10(6)), also shows the presence of a number of 
Srregularities, from which it is to be concluded that an improvement 
jn the performance of this objective could be effected by local and 
onal retouching of the surface. 

The best oblique focus, at an angular distance of 1° from the axis, 
js represented by Figure 11. The asymmetry from top to bottom 
of the figure is radial from the axis of the lens and represents a small 
amount of residual coma. 


Fic. 11.—Phase contours for best oblique focus of objec- 
tive No. 3. (Obliquity 1°) 


IV. SUMMARY AND CONCLUSIONS 


| A method for measuring the axial and oblique aberrations of a lens 
bystem is described. This method, which is based on interference, 
letermines the aberrations directly in terms of the difference of phase 
between the various positions of the emergent wave front in passing 
hrough any point on the axis or chief ray. By a simple computation 
uch a point may be selected which will produce minimum phase 
esiduals, representing the point of best imagery. The expression 
Mf the aberrations directly in terms of phase differences enables one 
? compare them with the Rayleigh tolerance. 
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The method requires only simple apparatus, but its accuracy js 
of the order of the geometric method of Hartmann. 

Examples of the application of the method to the measurement of 
the monochromatic aberrations of three telescope objectives ay 
presented. These examples show the performance of the lens x 
compared with the Rayleigh tolerance. The characteristic effects 
of the axial aberration; that is, spherical aberration; and also of the 
oblique aberrations, coma, and astigmatism; on the emergent ware 
front are illustrated. 

The procedure is an accurate method, utilizing simple apparatus, 
for the determination of the small amounts of aberration present in 
astronomical objectives. It should be pointed out that even ina 
well-designed astronomical objective the ‘“‘technical” aberrations, 
arising from lack of homogeneity of the glass and from errors in 
workmanship, are always present to some extent. The irregularities 
of the contours illustrated show these effects very pronouncedly, 
Hence, in order to correctly judge the performance of such a lens car 
should be taken to explore a sufficient number of points on the emer 
gent wave surface so that reliable information can be gained con- 
cerning local irregularities, as well as the regular aberrations. 


WasHineton, November 21, 1928. 
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DETERMINATION OF MOLECULAR WEIGHTS IN THE 
VAPOR STATE FROM VAPOR PRESSURE AND EVAP.- 


ORATION DATA 
By Edward W. Washburn 


ABSTRACT 


If one determines at the same temperature the vapor pressure of a substance 
and the amount of it required to saturate, by aspiration, a measured volume of an 
indifferent gas, the molecular weight of the substance in the gaseous state is cal- 
culable. By employing a reference substance of known molecular weight the 
measurement of the volume of aspirated gas is unnecessary and the quantities meas- 
ured have small temperature coefficients. A precision discussion of the method 
isgiven. It should be capable of a high degree of accuracy in many cases and is 
applicable at much lower temperatures than are the methods commonly employed. 


CONTENTS 


. Nomenclature 
. Principle of the method 
. History of the method 
’. Description of the reference method 
’, Derivations 
I. Precision discussion 
1. The pressure measurements 
2. Temperature control 
oS. Ene eereuon measurements... .................-....-4.- 
. Illustrative example 
. Effect of atmospheric pressure 


I. NOMENCLATURE 


M, Molecular weight. 
p, Vapor pressure. 
B, Barometric pressure. 
AP, Manometric pressure difference. 
m, Mass in grams. 
v, Volume. 
R, Gas constant. 
T, Temperature, ° K. 
t, Temperature, ° C. 
6,M, Variation in M caused by a variation 6x in any variable z. 


Il. PRINCIPLE OF THE METHOD 


None of the methods commonly employed for determining the 
molecular weights of substances in the vapor state are applicable at 
temperatures at which the vapor pressure of the substance is small. 

26076°—29 703 





Bureau of Standards Journal of Research {Voy 


A method which is based upon determining, at the same tempers. 
ture, the vapor pressure of the substance and the amount of jj 
required to saturate, by aspiration, a known volume of an indifferen; 
gas is applicable at low vapor pressures and offers possibilities of 
degree of precision equal to or better than that attainable with th 
more commonly used methods. The method should be applicabk 
even at temperatures at which the vapor pressure is not more than 
0.1 mm Hg, if the temperature is within the working range of on 
of the types of sensitive low-pressure manometers.' The purpoy 
of the present paper is to discuss the precision aspects of the method, 


Ill. HISTORY OF THE METHOD 


According to Wrewsky,’ the method was first proposed and used 
by Horstmann.’ More recently Wrewsky? has employed the 
method for investigating the dissociation of formic and acetic acids 
in the vapor state. 

In the form in which the method was employed by these investi- 
gators, the molecular weight, M, is calculated from the perfect 


gas law 
ywamet 
po 
where p is the vapor pressure and m the number of grams of the 
substance present in v liters of the saturated gas. 

When used in this form, however, the method has two objection- 
able features. 

1. A given percentage error in » produces the same percentage 
error in M, consequently in precision work v has to be very accurately 
determined. This may be done either by measuring the volume 
of the indifferent gas ‘ or by absorbing and weighing the indifferent 
gas after condensing out of it the substance under investigation;’ 
for example, CO, by absorption, H, by combustion and absorption 
of the H,O, O, (or the O, content of air) by absorption with hot copper, 
etc. The accurate determination of v is therefore possible. 

2. The second objectionable feature of the method arises from the 
large temperature coefficient of p, which necessitates very clos 
regulation of temperature during both the vapor pressure deter- 
mination and the frequently prolonged saturation determination. 

The required precision in temperature control can be computed 
as follows: 





1 For example, the Rayleigh tilting manometer sensitive to 0.0005 mm Hg up to p=5 mm. Rayleigh, 
Phil. Trans., 196, p. 205: 1901; Scheel and Heuse, Z. Instrumentenk., 29, p. 344; 1909. 

2 Wrewsky, Z. physik. Chem., 133, p. 363; 1928. 

* Horstmann, Ber. Deutsch. Chem. Ges, 8, p. 78; 1870; 11, p. 1287; 1878. 

‘ Compare Wrewsky, Z. physik. Chem., 133, pp. 360, 366, Table 4; 1928. 

5 See footnote 3, 
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It is obvious from the above equation that a fractional error, 


P ‘ M. i 
P, in p will produce an equal fractional error, : y’ M. From 
) 


the Clausius-Clapeyron equation 
bp M _ or E iL aa 
M 1 RI 561 
} where L is the latent heat of aor per mole. 
It is obvious, therefore, that the two bath temperatures must be 
identical and constant within 


2 
6T= af A degrees 


if the fractional error in M arising from the temperature difference 
br Me 
or fluctuation is not to exceed aT 
Illustrative ecample: Suppose the substance whose molecular weight 
is to be determined belongs to the class of liquids for which Trouton’s 
ratio has the value 


in 


| at the normal boiling point, 7, °K. 
Combining this with the above equation gives 
T by M 


éT= S75 “Tx M 


If now we assume that the error in M arising from the uncertainty 


| 67° in T is not to exceed rH =0.001 =(0.1 per cent and, if further, 


By ee 
T has the value : and JT the value 300° K., we find the limiting 


; condition 


5T>0.016° C, 


Temperature control within this limit is difficult but possible. The 
necessity for such close regulation of temperature can, however, be 
; avoided by employing a reference substance of known molecular 
| weight, thus making the method practically independent of tem- 
perature fluctuations and at the same time eliminating the measure- 
; ment of the volume of gas aspirated in the saturation determination. 


IV. DESCRIPTION OF THE REFERENCE METHOD 


This method is carried out as follows: 

| 1. Place the substance, the molecular weight of which is to be 
determined, in a tube connected to a mercury manometer and 

, evacuate until all air and other dissolved gases are removed. 
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2. Immerse the manometer in a bath and make an approximat, 
determination of two points on the vapor pressure curve (for example 
at p=1 mm and p=10 mm). | 

3. From available vapor pressure and boiling point data select ; 
reference substance, the vapor pressure of which in the same ten. 
perature region is as near as possible to that of the substance under 
investigation and the molecular weight of which in the vapor stat: 
is known. Let the difference in the two vapor pressures, D,, equi! 
Pi— P2, where D, is a positive quantity. The two substances are noy 
identified by the subscripts 1 and 2. 

4. Determine in accordance with the following relations the 
temperature, t, at which the measurements are to be made. (The 
relations are derived below, p. 708.) 





_ 14 _ 5Po_ Sps M 
Spa M M 


Pt 


where 6D, and 6p, are the unavoidable errors in measuring J), and 


Po, and | the corresponding allowable fractional errors in ™ arising 


therefrom. 

5. By means of a differential manometer and a manometer in- 
mersed in the same well-stirred bath, determine D, and po at the 
temperature ¢. 














Fie. 1 


Si, So, saturators for saturating the gas stream with substances 1 and 2 whose vapor pressures are / 
and Pp 
Ai, As, condensers or absorbers for condensing substances 1 and 2, the condensates weighing m: and ™: 
grams, respectively 
bi, bs, open-arm manometers indicating the slight pressure differences AP; and AP, respectively 
6. By means of two similar saturators immersed close together 1 
a well-stirred bath, saturate a gas stream successively with the 
vapors of 1 and 2 and determine the mass, m, of each substance 
evaporated (for example, by the arrangement shown diagrammatically 
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in fig. 1). If these two masses are to be obtained by the weighing of 
condensers or absorbers of like size and shape, the operation of 
weighing should be conducted so as to give as accurately as possible 
the difference, m;—m:. This could be conveniently accomplished by 
one weighing with the absorbers or condensers on opposite pans of 
the balance followed by a direct, and usually less accurate, weighing 
of one of the absorbers or condensers. 

Accurate temperature control is not necessary in either experiment 
(5 and 6), but uniformity of temperature in the bath is essential in 
both cases.° 

From the above data the molecular weight of either substance can 
be calculated, if that of the other is known. 

The general technic of both of the operations involved is well 
established. Consequently, an experimental test of the method is 
not required. The special technic will depend upon the natures of 
the substances employed. 


V. DERIVATIONS 


Dy 


2 


D,=Pi-— p2 and sk 5 =1+R8, 
2 


1, , APi—AP:+D, 
VY, B-—p,—D,— AP, 





=1+R, (5) 


where R, is small in comparison with unity. AP, and AP, can 
usually be made negligibly small. 
m—m=Dry (6) 


Di. 
1+ — 1+R, (7) 
Combining equations (2), (4), (5), and (7) gives finally 
MW, (1+Bs) (s) 
M, (1+8,) (1+ B,) 


from which either M, or M, may be calculated in terms of quan- 
tities which are not sensitive to temperature.’ 








§ See below, p. 709. 
"Compare the similar equation for determining vapor pressure differences, J. Am. Chem. Soc., 37, p, 
811; 1915, 
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If the two substances employed are solid and (or) not soluble jp 
each other at the temperature of the experiment, and if they do no 
react chemically with each other or interfere with the rapid attaip. 
ment of vaporization equilibrium, and if, further, their mixture ¢ay 
be conveniently analyzed, then only one saturator and one absorber 
need be employed and R, becomes equal to zero. 


VI. PRECISION DISCUSSION 


Inspection of equation (5) shows that errors in D, and p, yill 
produce in the factor 1+ R, an effect which is entirely negligible jy 
comparison with that produced in the factor 1+ R, by these same 
errors. Consequently, since at most only two significant figures ar 
required in a precision factor, R, may, for purposes of precision con- 
putations, be taken as equal to zero; that is, 7,=%,=v. On differen. 
tiation of equation (8) we obtain 


or, M_ Ry 
M 1+R, 
in which M is either M, or M, and z is either m or p. 


1. THE PRESSURE MEASUREMENTS 
Putting 
wc=?P 
and combining with equation (4) gives 
sf _p2, (2s) 
M p, \ po 
For D, as the variable this becomes 
inp M_8Dz 
M py 
and for po 


M_prpro Pip2 
Solutions of these equations determine minimum values for 7, and 
Pe as follows: 


: M , : 
In each of these equations let T represent the maximum allow- 


4 


able fractional error in M,. Then 
) oD 
P35 


—_— 


M 
bpe> 

Pa <7 tp \bull 
bp, M ) M 

Pru 
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The minimum value which p, can have obviously occurs when 
p, has the value given by equation (14). If the errors in D, and p, 
produce equal errors in M (that is, 5p, M=6),M=65M; principle of 
equal effects), then equations (14) and (15) give 


et. ie 
P2 <7 (16) 


5D,] M 


which is the smallest value p, can have under these conditions. 
From equation (15) it is obvious that the largest mimimum value 


for p2 will occur when Ps VW is negligible 
Op, Mt 


Pi- 


in comparison with unity and will be 


5p, M 
P2 «op, (17) 


2. TEMPERATURE CONTROL 


The required precision in temperature control can be computed 
as follows: 
From equation (9) 
é6;M_ 5,R, 


“v= rt ia log (1+ R,) =dr log pine log p,— dr log ps 


From the Clausius-Clapeyron equation 


L,- 
or log p:— 6; log pp =p RT? La yp 


Hence 
br M _ AL 
“M RT 


The preliminary measurements (see p. 706) will ordinarily yield the 


56T 


necessary data for computing ae in any specific case. It is obvi- 


ously zero when AL is zero, that is, when the two vapor-pressure 
curves have the same slope at the temperature of the experiments. 

Illustrative example: Suppose that both substances belong to the 
class of liquids for which Trouton’s ratio has the value 


L 
7,722 
and that they differ in boiling point by Ats. It follows that AL= 


22At, and if we assume that AL is independent of 7, we have 


bp M 22Ats 


U7 Rr et 
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For example, if Atg=10° C. and 7=300° K. and if we impose the 
condition that — is not to exceed 0.001 =0.1 per cent, this gives 
5T > 0.8° C, 


which may be compared with the analogous case when no referenee 
substance is employed (see above, p. 709). 


3. THE SATURATION MEASUREMENTS 


Putting «=m in equation (9) and proceeding as in 1 above we 
obtain an analogous set of relations as follows: 


5pm M _ 6D 


M m, 


bm MD 5M2_ (M1 — Mz) SMe 
Mm m Mm, Mg 


5Dm 
is Spm M 
M 


dM2 


edie re 5m 5m, M 
in. n, Mf M 
m —> 





M 


By combining relations (20) and (21) with equation (1) and solving 
for v, we obtain an expression giving a minimum value for v as follows: 


RT 65Dn > ih’ sy 5M 


°< VW p.dpaM/M *\ Mp, Mp.) in M/ Me - 


which may also be written 
M, 7) 
Etat) 5D (er Rr( )) im 
Pi  », My Seve M/M * P2 M, Pi M, om; M/M 
For equal effects the second expression in (23) takes precedence ove! 
the first for all values of a up to 
7 +f 1 


M, -( dMs P1 


NM, 5D im + 6m, P2 


or for the common case where 6D,= 6m, the second expression wi 
take precedence up to 
Mz 1M (25) 
M, 2p: 
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VII. ILLUSTRATIVE EXAMPLE 


Suppose the substance whose molecular weight is to be determined 
has at 27° C. a vapor pressure of 10 mm and let us select naphthalene 
as the reference substance. Its vapor pressure at 27° is 9.57 mm. We 


have then 
P2=9.57 mm 


D,=0. 430 mm 
M, a ? 


Let us further assume that the permissible error in M, arising from 
the error in each measured factor is 


5M, _ = , 
— 0. 001 =0. 1 per cent. 


From equation (12) we find the allowable error in D, to be 


8Dy =p: 247 =10.0 <0. 001 =0. 01 mm 


Suppose that 6D,, and dm, be taken as 0.0002 g each. 
From relation (22) we find the minimum value for v to be 


__9.08207 x 300 x 0.0002 x 760 =? 992 M, liters 
=4.04 My, 1ters 


Ymin. 10 X 128.06 X0.001 X M,/ M, 


» M, . 
=3.05—2.9 “y7, ‘ters 


The values of Umin, aS given by equations 26 (v,) and 27 (v2), respec- 
tively, are shown in the following table: 


TaBLeE 1.—Values of Umin, for 3Dm=im2=0.0002 g 


5Dm=0.0002g | 5m2:=0.0002g 
La 02 





M3/M; 





3. 05 
2. 66 


1, 58 
-13 
0 
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Taking any value, v, larger than min, we have (equation (1)) 
M,=0.65 v g. 
The allowable errors in p, and m, then become (equations (13) and 
(19)). 
j= PoP 8M _ 9.57 X10 


a” ee —4a — X 0.001 = 0.22 mm 


5h 

7 _9. 0068 »x< 0.001 
1 1 1 M, 

RI(<- -2*S 557 10 


MM, 5M, om: 


6m,= as ey V,~ 





TABLE 2.—Values of 5m; for M,=126; inal 0. 001, po=9.57 and py=10 mm Hy 





6m: in milligrams 





For v=0 For v=10 | For v=30 





0. 065 o 
0720 
1270 
l5o 


.123 0 
- 07120 


. 065 o 


.0172 9 ° 
. 0076 o . 076 




















Suppose now that as a result of this preliminary survey we decide 
to impose the condition that 5D, ¢0.002 g, since it will be much 
easier to attain this moderate degree of accuracy. Suppose further 
that a preliminary determination has yielded the information that 
i1.= about 0.5. Equation (26) now gives Umm. =about 15 liters. 
This value for » will, according to Table 2, require an accuracy in 
mM, given by ‘‘ém, need not be less than 0.0018 g.””_ It will suffice there- 
fore if »v ¢15 liters. As regards the accuracy required in D, and p,, 
the values computed above are not difficult of attainment. Our 
final conclusions might therefore be somewhat as follows: 


For 47 about 0.5; p»,=10 mm, p.=9.57 mm, D,=0.430 mn, 


M,= 128.06, and v=15 liters, the allowable errors in the measured 
quantities are 

For pz, 0.2 mm 

For D,, 0.01 mm 


For m2, 0.0018 g 
For Dm, 0.002 g 
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The final precision in M will be 


100 a 100 +/4 X (0.001)?=0.2 per cent 


- and the largest possible error in M will be 


5 
100( SF bes =0.4 per cent 


VIII. EFFECT OF ATMOSPHERIC PRESSURE 


' In the equations given above it has been tacitly assumed that D, 
' and p, as measured by the manometers are identical with the values 
| which prevail during the saturation determination. This is not 
' strictly true, since both values are functions of the external pressure 
' and, in the case of liquids, are also functions of the solubilities of the 
' gas used in the saturation measurements. In exact work small cor- 
' rections may, therefore, be necessary to allow for these two effects. 
| These corrections may be computed as follows:*® 

' 1. The pressure correction. 

Increase the measured value of p, by Ap, 


ap. =e (B— AP; — pz) 

be ge 

' where V is the molal volume of the substance at 7° K. and in the 
» state (liquid or solid) in which it exists at T° and B mm. 

| Similarly increase the measured value of D, by AD, 


B 
D, = (approx.) RTM: Dot pal Vi— V2)) 


2. The gas-solubility correction (for liquids only). 
Decrease the measured value of p, by A’p. 


P2V2 Ope -x) 
RT S, 





A’ De = 


} where S is the solubility of the gas in the liquid; that is, S= the ratio 
| of the concentrations of the gas in the two phases, gas/liq. 
Similarly decrease the measured value of D, by 


A’D, -2hG P(4 - x)- ats i P)(1-5) 








| In practically all cases the algebraic sum of these two corrections will 
» be negligible. 


Wasuineton, August 7, 1928. 





: * Compare Washburn, Science, 51, p. 49; 1925. 
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THE SULPHOALUMINATES OF CALCIUM 
By William Lerch, F. W. Ashton, and R. H. Bogue 


ABSTRACT 


Two calcium sulphoaluminates have been prepared and their compositions and 
optical characteristics determined. One of these, having the composition 
3Ca0.Al,03.8CaSO,.31H,0, is relatively stable in aqueous solutions but is decom- 
posed by solutions of magnesium salts and of carbonates. The other, having the 
composition 3CaO.Al,03;.CaSQ,.12H,0, is relatively unstable except in high 
concentration of hydroxylion. It is readily converted to the high sulphate form 
in aqueous solutions but is decomposed by magnesium salts and carbonates. In 
sulphate solutions the high sulphate form may be produced, but in the presence 
of aslight excess of magnesium salts or carbonates neither of the sulphoaluminates 
can continue to exist. In these cases the less soluble magnesium hydroxide and 
calcium carbonate, respectively, are formed. 


CONTENTS 


. Introduction 
. Review of the literature 
. Experimental procedure 
1. The high sulphate calcium sulphoaluminate 
2. The low sulphate calcium sulphoaluminate 
3. Calcium sulphosilicoaluminate 
/, Conditions of stability in salt solutions 
’, Relative stability with calcium chloraluminate 
‘I. Summary 


I. INTRODUCTION 


Among the products formed by the action of sulphate waters on 
ortland cement there has been observed, under some conditions, a 
alcium sulphoaluminate. This has been ascribed by some inves- 
igators to be responsible for certain expansion effects observed at 
imes in concrete which is exposed to sea water and to alkali soil 
raters. The exact nature of this compound and its conditions of 
ormation and stability have not been adequately treated, however. 

The present investigation is concerned with the formation, proper- 
ies, and conditions of equilibrium of such compounds as may be 
btained by the interaction of CaO, Al,O;, and SO, in aqueous solu- 
ions with especial reference to the conditions under which these 
ompounds may be formed in concrete. In addition to the above, 
‘tempts were made to obtain a compound of lime, alumina, silica, 
nd sulphate. 
S — 31409°~29-—_} 
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II. REVIEW OF THE LITERATURE 


Candlot' appears to have been the first to establish the formatioy 
of a definite compound by the interaction of an aqueous solution of 
calcium aluminate with calcium sulphate. He mixed saturated soly. 
tions of a calcium aluminate and calcium sulphate and observed th 
formation of small crystalline spherulites 2 to 3 mm. in diameter 
The addition of a saturated solution of calcium hydroxide caused , 
more abundant precipitation of the crystals, as they seem to be les 
soluble in calcium hydroxide solutions. From analysis of a sampk 
of these crystals Candlot ascribed to them the compositi; 
3CaO.Al,03.2.5CaSO,.59H,O. He described the crystals as being 
only slightly soluble in water and insoluble in alcohol and in lime. 
water containing more than 0.2 g. CaO per liter. 

Because of the widespread interest in the action of sulphate water 
on concrete the identification of a calcium sulphoaluminate imme. 
diately attracted the attention of cement chemists. Michaelis? pre. 
pared the compound by the reaction of a solution of aluminum 
sulphate with limewater. The crystals resembled bacilli in size and 
shape and so were called by him ‘‘cement bacilli.” Michaelis 
described the crystals as broad, needle-shaped prisms belonging to the 
tetragonal system, some with and some without truncated ends. 

From analysis of a sample dried to constant weight over sulphure 
acid he derived the formula 3CaO.Al,03.3CaSO,.30H,O. Although 
this formula is not identical to that given by Candlot to the sulpho- 
aluminate, yet from the descriptions given it seems probable that the 
two preparations were indeed the same compound. The formula ¢ 
Michaelis for the anhydrous material, 3CaO.Al,03.3CaSO,, his 
been confirmed by Deval,* Poirson,* Klein and Phillips,’ Kiihl ani 
Albert,® Lafuma,’ and McIntire and Shaw.’ There is, however, i 
difference of opinion on the number of combined molecules of water, 
due probably to different methods of procedure in the preparation ani 
drying of the samples. 

Some authors have believed that they obtained still other calcium 
sulphoaluminates. Klinkenberg® claimed to have obtained thre 
definite compounds by adding to a sintered mixture of ‘dicalcium 
aluminate” 1, 2, and 3 equivalents of gypsum and allowing th 


———t 





1 Bull. soc. encour. ind. nat., p. 682; 1890. 

9 Tonind. Ztg., 16, p. 105; 1892. 

§ Bull. soc. encour. ind. nat. (5th ser.), Pt. I, 5, 49; 1900. 

* Zentr. hydraul. Zement, 1, p. 151; 1910 C. A., 5, p. 1328; 1911. 

5B. 8. Tech. Paper, No. 43; 1914. 

* Zement, 12, p. 279; 1923. 

7 Ciment, 30, p. 175; 1925. 

§ Soil Science, 19, p. 125; 1925. 

* Dinglers polytech. J., 249, p. 89, 1894; J, Soc, Chem. Ind., 14, p, 365; 1895. 
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reactions to proceed for six months. He has assigned to them the 

formulas: ; 
2CaO0.Al,03;.CaSO,.12.49H,0 
2Ca0.Al,03;.2CaSO,.18.25H,O 
2CaO.Al,0;.3CaSO,.19.55H,0 


However, there is no evidence given that the products were definite 
chemical compounds and not mixtures. 

On determining the quantity of water fixed by mixtures of “‘dical- 
cium aluminate’ and calcium sulphate in variable proportions, 
Schott ° thought he demonstrated the existence of the compound 


2Ca0.Al,03;.2CaSO,.18H,0 


Rebuffat " criticized the work and conclusions of Schott and 
claimed to have produced two calcium sulphoaluminates. To one 
of these he gave the formula 3CaQ.A1,03.3CaSO,.10H,O. This, 
he said, is formed when a solution of calcium sulphate is mixed with 
an aqueous solution of any calcium aluminate, or when either trical- 
cium aluminate or “‘dicalcium aluminate” in the solid form is shaken 
with a solution of calcium sulphate. The second calcium sulphoalu- 
minate, to which he gave the formula CaO.Al,0;.CaSO,.10H.O, was 


| said to be formed when the solid monocalcium aluminate was shaken 


with calcium sulphate solution. 

In a later paper, from a study of his own work and that of Candlot, 
Deval, and others Rebuffat” concludes that the formula for the 
first calcium sulphoaluminate should be 3CaO.AI1,0;.2.5CaSO,.7H,0. 
This, he says, is formed from any calcium aluminate and calcium 
sulphate in the presence of calcium hydroxide. 

Klein and Phillips,’* however, found that monocalcium aluminate, 
5-3 calcium aluminate, and tricalcium aluminate all react with calcium 
sulphate to give the same calcium sulphoaluminate. They give the 
formula for the compound as 3Ca0.Al,0;.3CaSO,.xH.O, the value 
of x varying with the method of drying. The crystals are described 
as long, slender needles showing very low interference colors and a 
biaxial, positive interference figure, with a large optic axial angle. 
Elongation was negative and extinction parallel. Refractive indices 
were less than 1.48. Twinning was not noted, but occasional irregular 
intergrowths were observed. The ends of the needles were said to be 
flat and perpendicular to the long axis of the needles. 





” Tonind. Ztg., 18, p. 819; 1894. 

" Rend. accad. sci. (Napoli), 35, No. 11, p. 280; 1896. 
" Gazz. chim. ital., 32, No. 2, p. 158; 1902. 

" See footnote 5. 
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Shelton has reported that all the calcium aluminates react with 
magnesium sulphate when present in dilute solution (less than 0.1 \) 
or with sodium sulphate in all concentrations to form the same ¢ql. 
cium sulphoaluminate. In higher concentrations of magnesiyy 
sulphate than 0.1 M the only crystalline product was gypsum. The 
calcium sulphoaluminate is said by Shelton to occur usually as fin 
needles but sometimes as coarse prisms, frequently with short needle 
growing parallel to each other from opposite ends of a prism. Optical 
properties were determined on the coarse prisms, after separating then 
from the solution, washing with water and drying in a desiccator 
until just dry, usually less than an hour. The optical character was 
reported to be positive and optic angle large, but the interference figure 
was indistinct. Elongation was negative and refractive indices 
were y=1.463+0.003, a=1.461+0.003. 

Deval * attempted to show, by a rather indirect method, that the 
amount of calcium sulphate fixed by a cement may greatly exceed 
that required to convert all of the alumina to calcium sulphoalumin- 
ate. Lafuma ™ has reported similar results and has suggested the 
formation of a calcium sulphosilicoaluminate. 


Ill. EXPERIMENTAL PROCEDURE 


In the course of experimentation it was observed that there wer 
two sulphoaluminates of calcium characterized by different chemical 
composition, optical properties, and crystal form. To avoid con 
fusion, the two are treated separately below. In addition to thes, 
the formation of a more complex compound, reported by Lafuma" 
as a calcium sulphosilicoaluminate, has been investigated. 


1. THE HIGH SULPHATE CALCIUM SULPHOALUMINATE 


Several methods were employed in the preparation of this calcium 
sulphoaluminate. By far the most important of these was by the 
interaction of calcium sulphate and calcium aluminate. This method 
was essentially the same as had been recommended by Candlot” 
and later by Klein and Phillips.’* A calcium aluminate solution was 
prepared by adding 20 g of the 5-3 calcium aluminate to 1 liter 0 
water and shaking for one hour. The solution was filtered off an 
200 ml of saturated calcium sulphate solution added. Under thes 
conditions the crystals formed very slowly, but the addition of 200 nl 
of a saturated solution of calcium hydroxide greatly increased the 
rate of crystallization. After one week the crystalline phase consisted 
of very fine needles. 





14 Ind. Eng. Chem., 17, p. 1267; 1925. 

8 Bull. soc. encour. ind. nat., 101, Pt. Il, pp. 96 and 784; 1901; J. Soc. Chem. Ind., 21, p. 971; 1902. 
16 See footnote 7, p. 716. 

17 See footnote 1, p. 716. 

38 See footnote 5, p. 716. 
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The chemical analyses of a number of these preparations showed 
them to be somewhat variable in composition. In some cases the 
ratio of CaO, Al,O;, and SO; was found to be represented by the 
composition 3CaOQ.Al,03.2.5CaSO,.aq, and in other cases the CaSO, 
content was somewhat higher. In no one of these preparations 
was there sufficient CaSO, present to give the composition 3Ca0O.- 
Al,O;.3CaSO,.aq. j 

Preparations were then made by using a larger quantity of calcium 
hydroxide and calcium sulphate. Five hundred and 750 ml, respec- 
tively, of the calcium aluminate solution were added to 1,500 ml of 
a solution saturated with calcium hydroxide and calcium sulphate. 
The preparations were allowed a week to approach equilibrium. 
The precipitates were then filtered off, washed with alcohol and ether 
to remove the excess water and dried to constant weight in air. 
The analysis of these crystals is given in Table 1. 


TaBLE 1.—Analysis of high sulphate calcium sulphoaluminate 





1, 500 ml Ca(OH):+CaS0, solution 





No. 1, 500 ml No. 2, 750 ml 
calcium aluminate | calcium aluminate 
solution solution 





Molec- 

ular 

composi- 
tion 

00 8. 21 1.00 

01 27.15 6. 02 

99 19, 20 2. 98 

10 45. 44 31. 30 


— Per cent 


composi- 
tion 


Per cent 
composi | composi- 
Gen tion 





1 
6. 
2. 
31. 

















On calculating these analyses to molecular composition the com- 
pound is found to have a composition which may be represented by 


3Ca0.Al,0;3.3CaSO,.3 1H,O 


The composition of the crystalline phases obtained by the above 
methods of preparation is thus seen to vary and appears to be de- 
termined by the concentration of calcium sulphate present in the 


smother liquor. In the presence of low concentrations of calcium 


sulphate the crystalline phase is found to have a composition which 
approaches the formula 3CaO.Al,03.2.5CaSO,.aq, but in the presence 
of higher concentrations of calcium sulphate as given in Table 1 the 
composition becomes 


3Ca0.Al,0;.3CaSO,.31H.0. 


Two possible explanations may be advanced for this variation in 
composition: (1) That the actual composition of the crystalline phase 


His 3Ca0.Al,0;.2.5CaSO,.aq, and that the crystals adsorb calcium 
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sulphate from the solution; (2) that the composition of the crystallin, 
phase is 3CaO.Al,03.3CaSO,.aq, but that in the presence of |oy 
concentrations of calcium sulphate this compound forms an equilibriyy 
mixture with 3CaO.Al,O;.aq. 

If the adsorption theory were correct, the amount of calciyy 
sulphate adsorbed would vary with the calcium sulphate concep. 
tration of the solution and would reach a maximum value only whe 
the solution was saturated with calcium sulphate. The results 
reported in Table 1 indicate a uniformity of composition in the tw 
preparations, even though the calcium sulphate concentration of th 
mother liquor in preparation No. 1 was considerably greater tha 
in preparation No. 2. These results support the belief that the lowe 
values for the SO,/A1,O; ratio obtained in some of the preparations : 
due to an equilibrium between the compounds 3CaO.Al,0;.3CaSO,_.a 
and 3CaQO.Al,O;.aq. On increasing the concentration of calciun 
sulphate in the mother liquor the amount of 3CaO.Al,0;.aq. in 
solution decreases and eventually disappears. 

The size of the crystals appears to vary through a wide range, 
dependent on the concentration of the reacting solutions. In th 
presence of high concentrations of calcium sulphate and calcium 
hydroxide, as in the samples prepared for the chemical analysis, th: 
crystals are submicroscopic. In other samples prepared by the 
interaction of solutions of the calcium aluminates with less concer- 
trated solutions of calcium sulphate and calcium hydroxide the 
needle like crystals were present as shown in Figure 1. These wer 
about 0.002 to 0.003 mm wide and 0.15 to 0.25 mm long. In some 
solutions which had been allowed to stand in the laboratory several 
months a few of the crystals attained a length of 1 cm or more. 

In order to obtain crystals of larger cross section for optical exami- 
nation, two modifications of the above procedure were employed. | 
one of these the crystals were allowed to grow by slow diffusion in: 
gel.” The calcium aluminate solution was incorporated into a } 
per cent agar gel and the gel then placed in a solution saturated with 
calcium sulphate and calcium hydroxide. After about two months 
the crystals of calcium sulphoaluminate had grown to much greater 
dimensions than were ordinarily obtained by the other method 
Some of these were about 0.06 mm long and 0.03 to 0.04 mm on crs 
section. 

By another procedure 90 per cent 3CaO.5Al,0; and 10 per cet! 
calcium sulphate were mixed and a few grains placed on a glass slit! 
with a drop of water. A cover glass was sealed on to prevent evap 
oration. Large crystals appeared in about a week, one of which} 
shown in Figure 2. The photomicrograph with higher magnificati0! 
shows beautifully the hexagonal cross section of the crystal. 





19 Performed by L. T. Brownmuiller, 
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Figure 1.—Calcium sulphoaluminate needles. High sulphate form. 


Analyzer out. * 200 




















Figure 2.—Crystal of calcium sulphoa- 
luminate (high sulphate form) showing 
hexagonal prismatic habit. No nicols. 
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These larger crystals were used for the optical determinations. 
The crystals show parallel extinction and negative elongation and 
appear isotropic when seen on end. The refractive indices for 
sodium light obtained by the immersion method were wp)=1.464+ 
0.002 ep = 1.458 + 0.002, birefraction 0.006. The interference figure 
is uniaxial negative. 

A spherulite of the high sulphate form of calcium sulphoaluminate 
from an old mortar briquette is shown in Figure 3. The crystals 
sometimes occur in this spherulitic structure. 

Upon dehydration of the sulphoaluminate crystals at 110° C. the 
water content dropped to an equivalent of 7H,O and remained con- 
stant. This loss of water was accompanied by a longitudinal crack- 
ing or splitting of the crystals and a change in optical properties. 
The mean refractive index rose to about 1.50, and the character of 
elongation changed from negative to positive. On placing the de- 
hydrated crystals in an atmosphere saturated with water vapor the 
character of elongation again changed and the mean refractive index 
dropped. The final value is close to 1.45, somewhat higher than the 
index of the original crystals. 

The specific gravity of the compound 3Ca0.Al,0;.3CaSO,.31H,O 
determined in absolute alcohol was found to be 1.48 at 20° C. 

Three other methods were used for the preparation of the calcium 
sulphoaluminate crystals. The interaction of aluminum sulphate 
with saturated limewater (3 g added to 1 liter) gave first a flocculent 


precipitate characteristic of aluminum hydroxide. This gradually 


changed in appearance and assumed the more crystalline character 
of the calcium sulphoaluminate. After three months a microscopic 


examination showed it to consist almost entirely of the latter. 


Another sample was prepared by the action of a solution contain- 
ing calcium hydroxide and calcium sulphate on precipitated aluminum 
hydroxide. In this case the action was very slow, but after a month 
the residue was shown microscopically to contain a large amount of 
calcium sulphoaluminate. 


| Still another method consisted in the addition of sodium sulphate 


solutions (20 ml of 0.5, 1.0, 2.5, and 5.0 per cent) to 1 g each of the 
four anhydrous calcium aluminates (3:5, 1:1, 5:3,3:1). The alumi- 


mates each reacted with these solutions to produce a large increase in 
ithe volume of the solid phase. In the 2.5 and 5.0 per cent solutions 


this increase in volume was sufficient in three hours to produce a gel. 
n each case the material when examined under the microscope was 
Hound to contain large quantities of calcium sulphoaluminate, with 


tthe exception of the tricalcium aluminate in the 0.5 and 1.0 per cent 


olutions. Evidence obtained by determining the loss of SO; from a 


Bolution containing 5 g of tricalcium aluminate in 200 ml of 1 per cent 
Sodium sulphate solution (a decrease from 0.5714 g per 100 ml in the 
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solution after six days of reaction) suggests that the formation o 
calcium sulphoaluminate from the tricalcium aluminate probably 
has occurred as in the other solutions but that the crystals are too sms 
for positive identification. 

A naturally occurring calcium sulphoaluminate, Ettringite, } 
been described by Dana ™ and Larsen.” 

This is given the formula 6CaO.Al1,03.3S0;.33H,0, but the actw| 
analyses could equally well be represented by a somewhat lower SO, 
content. The system is given as hexagonal, the optical character 
uniaxial negative, and the average refractive index as 1.49 with, 
birefraction +0.01. An examination in this laboratory of a samp) 
of this mineral, obtained through the courtesy of the United Stats 
National Museum, gave wp = 1.489 + 0.003 and ep = 1.475 + 0.008 for 
white light. In other respects the sample was similar to that ¢e. 
scribed by Dana and Larsen. Since the analyses of the Ettringit 
and of the artificial sulphoaluminate correspond so closely, and sine 
the indices of the artificial material after heating and rehydration 
approach those obtained for the Ettringite, it seems probable that 
the two are essentially the same material. 

Moses ” describes a sample of Ettringite from Tombstone, Aru, 
which he believes is slightly different from the one described }y 
Lehman* and Dana. He gives the formula 10Ca0.2A]1,0;.5S0,- 
54H,0 for this material and 10CaQ0.2A1,0;.5SO,.22H.0 for the dried 
material. He describes the crystals but gives ‘no optical measur: 
ments. 


2. THE LOW SULPHATE CALCIUM SULPHOALUMINATE 


In the preparation of the high sulphate form of calcium sulphoali- 
minate it had been observed that when the calcium hydroxide content 
of the aluminate solution was high the addition of calcium sulphate 
solution caused the almost immediate formation of a very fine 
grained precipitate. On allowing this to stand in the mother liqua 
for a week or so the appearance of the precipitate changed complete’. 
It then resembled the matted masses of long needles described above 
This change in macroscopic character was so striking that furthe 
investigation of the fine-grained material was undertaken. 

A sample of this material was prepared as follows: Two hundred 
milliliters of saturated limewater were added to 500 ml of a calcium 
aluminate solution prepared from the 5CaO.3Al,03. The precipitate 
which formed was filtered off and 200 ml of saturated calcium su 
phate solution added to the clear filtrate. After two hours the pr 
cipitate which formed was separated by filtration. This residue (il 





% System of Mineralogy, New York, 6th ed., p. 976; 1911. 
™U. 8. Geol. Survey, Bull., p. 679; 1921. 

2 Am. J. Sci., 45, p. 489; 1893. 

% Jahrb. Min., p. 273; 1847; C. F, Dana, loc, cit, No, 15, 





FIGURE 


5.—Low sulphate calcium sul phoaluminate. 
x 200 


Crossed nicols. 
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Figure 6.—Low sulphate calcium sulphoaluminate showing the 
platy form. Analyzer out. X 200 


Note the star-shaped aggregates on several of the plates 
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not form a mat on the filter paper but was loose, light, and granular 
in character. 

A chemical analysis was made of a portion of this material which 
had been washed with alcohol and ether and dried to constant weight 
in air. The results are given in Table 2. 


TaBLE 2.—Analysis of low sulphate calcium sulphoaluminate 





Per cent | Molecu- 
compo- | lar com- 
sition | position 




















This gives a molecular composition which may be represented by 
the formula 


3CaO.Al,0;.CaSO,. 1 2H,O 


It is thus seen that there is an essential difference in composition 
between the two forms, the ratio of tricalcium aluminate to calcium 
sulphate in the first preparation being 1 to 3 and in this preparation 
being 1 to 1. Hence, the former is referred to as the high sulphate 
form; the latter as the low sulphate form. 

Microscopic examination of this sulphoaluminate showed it to be 
very different from the long needles of the compound first described. 
The difference is brought out very clearly in Figure 4, which shows a 
photomicrograph with crossed nicols of a mixture of the two sulpho- 
aluminates. Figure 5 shows the most common appearance of the 
' low sulphate compound with crossed nicols, and Figure 6 is a photo- 
micrograph with ordinary light of a sample showing the platy habit. 
The star-shaped or spherulitic birefracting masses seen in Figure 5 
'are groups of these plates joined together at an edge and standing 
more or less perpendicularly to the plane of the paper. They are 
often joined to a basal plate and then present the appearance seen 
'in Figure 6. As may be seen in Figure 4, the crystals appear much 
smaller than the needles of the high sulphate calcium sulphoaluminate. 
Inthe usual preparations of the low sulphate calcium sulphoaluminate 
the length of the needles (edges of the plates) is seldom over 0.015 
mm. and the thickness is about 0.002 mm. Occasionally a sample 
will consist of plates much larger than this, the largest measured 
having a diagonal length of nearly 0.14 mm. 

The erystals of the low sulphate calcium sulphoaluminate belong 

to the hexagonal system and are uniaxial negative in character. 
| Refractive indices are wp=1.504+0.002, ep>=1.488+0.002. The 





* Analysis performed by the chemistry division of the Bureau of Standards. 
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radiating needles (or edges of plates) seen in the star-shaped agoere. 
gates show parallel extinction and positive elongation. This gy. 
phoaluminate is therefore easily distinguished by its optical an 
crystallographic properties from that first described. Its refractiye 
indices are higher, its crystal habit platy instead of acicular, and the 
character of elongation is positive instead of negative. The specific 
gravity of this compound determined in absolute alcohol was found 
to be 1.95 at 20° C. 

On dehydrating the low sulphate calcium sulphoaluminate ty 
constant weight at 110° C. the water content was reduced to ay 
equivalent of 6H,O. ‘The crystals were so altered in size and forn 
that satisfactory optical and crystallographic measurements wer 
not obtainable. The refractive indices were somewhat variable 
and may indicate a decomposition as well as dehydration. he 
values obtained were a=1.510-1.527, y =1.529-1.535. 


3. CALCIUM SULPHOSILICOALUMINATE 


Lafuma™ has given the results of some experiments which he 
believes indicate the formation of a calcium sulphosilicoaluminate, 
He prepared a special cement of the composition 17CaO + Al,0,. 
+ 58102, burned at 1,500° C., and mixed this with definite quantities 
of sulphuric acid, aluminum sulphate, water, and after a week, lime. 
This was left for five months and then the excess of calcium sulphate 
and lime extracted. The ratio of alumina to calcium sulphate in the 
residue was calculated to be 1 to 6.9, indicating to Lafuma an amount 
of calcium sulphate greatly in excess of that which could be combined 
with the alumina in the formation of a calcium sulphoaluminate, and 
suggesting to him the existence of a calcium sulphosilicoaluminate 
to which he assigned the formula 


9CaO.4Si0,.Al,03.7CaSO,.80H.0. 


A repetition of this experiment was performed in this laboratory 
because it is very important to establish definitely the products of 
hydrolysis and interaction with salts in the setting of cement or the 
disintegration of the set cement. 

The final residue obtained was found to contain alumina and calcium 
sulphate in the ratio of about 1 to 3.5, which does not approach the 
ratio of 1 to 6.9 reported by Lafuma. 

A microscopic examination of this residue showed that it contained 
several phases and was not a homogeneous material. Not all of the 
materials present were susceptible of microscopic identification, bu! 
there were found a large number of very small needles of the high 





2 See footnote 7, p. 716. 





sul. 
and 
‘tive 
the 
cific 
yund 


PB 0 
> an 
form 
were 
able 


The 


Apr., 1989) Sulphoaluminates of Calcium 725 


sulphate form of calcium sulphoaluminate. The presence of this 
calcium sulphoaluminate, and the ratio of alumina to calcium sulphate 
in these residues, seem to make very improbable the existence of the 
calcium sulphosilicoaluminate in these preparations. 


IV. CONDITIONS OF STABILITY IN SALT SOLUTIONS 


A study of the stability of the calcium sulphoaluminates in solutions 
of the various salts which are present in sea water and ‘“‘alkali’’ soil 
waters is of especial importance as a means for determining the réle 
played by these calcium sulphoaluminates when formed in concrete 
exposed to such waters. In studying these relations 0.5 g of each of 
the calcium sulphoaluminates was placed separately in 100 ml portions 
of the salt solutions to be studied and allowed to stand for a period of 
time varying from 10 to 60 days. The residues were then filtered off 
and examined under the microscope. The filtrates in some instances 
were analyzed for lime, alumina, and SO. 

The results obtained with the high sulphate form of calcium sulpho- 
aluminate are given in Table 3. The compound is found to be only 
slightly hydrolyzed in distilled water and is probably more stable in 
solutions of calcium sulphate and calcium hydroxide than in pure 
water. With sodium chloride and sodium sulphate there is a greater 
hydrolysis than in water. 

With solutions of sodium carbonate and of magnesium sulphate 
the results were different. In these solutions the crystals of calcium 
sulphoaluminate were completely decomposed. In the magnesium 
sulphate solution, the residue consisted of crystals of gypsum and 
an amorphous material. The residue from the sodium carbonate 
solutions contained calcium carbonate as the only crystalline phase. 
The probable reactions may be represented in an incompleted form, 


; as follows: 


Na,CO, + 3CaO.Al,03.3CaSO,.nH,O—CaCO, — CaSO, +NaOQH+ 
Al(OH), 


These are left unbalanced as an indication that they are not complete 
nor stoichiometric. Various other products will doubtless be present, 
as aluminates of calcium, magnesium, or sodium. 
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TaBLE 3.—High sulphate calcium sulphoaluminate placed in aqueous solutions 
for three weeks; residues then filtered off and examined under the microscope and 
solutions analyzed in some cases for CaO, Al,O3, and SO; 





| In 100 ml of solution 





Solution used Microscopic report 


CaO 





- 
LEE eae 10. 004. 
0.17 per cent Ca- | 

(OH): (saturated). | Contained the high sulphate | Hydrolysis slight: cop. 
3 per cent CaCly_____ anes » needle-like crystals of calcium dition of greatest stg. 
0.18 per cent CaSO, | Jone. sulphoaluminate, unchanged. . bility. 

(saturated). 

3 per cent NaOH 


3 per cent NaCl-__-_-_- - 0258 | . P 
30 per cent NaCl__..| .0268 | . ‘ Hydrolysis pro. 
3 _ _— NazSO,- | .0220| . nounced. 

10H20. 





No calcium sulphoaluminate pres- | 

i: od pe eee ent; gypsum crystals and amor- ||Calcium sulphoalumi- 

-4 pa eV .-| phous material present. nate does not exist in 

excess of these re- 
3 per cent NasCO3___! Calcium carbonate only crystal- agents. 

| line phase present. 














1 Small ammount. 
Blanks indicate ‘‘ not determined.”’ 


The results obtained on placing the low sulphate form of calcium 
sulphoaluminate in the various solutions are given in Table 4. In 
water and in solutions of calcium sulphate, sodium sulphate, calcium 
chloride, and sodium chloride there is @ tendency for this compound 
to change to the high sulphate form of calcium sulphoaluminate. 
This conversion proceeds less rapidly in a saturated solution of 
calcium hydroxide than in water and does not take place at all in a 
3 per cent solution of sodium hydroxide. It would seem, therefore, 
that a high hydroxyl-ion concentration is one of the factors deter- 
mining the stability of the low sulphate form of calcium sulphoalumi- 
nate. These results are to be expected on the basis of a consideration 
of the hydrolytic reactions involved. Thus, we may write the 
probable reactions, in aqueous solution, in the incompleted form 


3CaO.Al 20;.CaSO,.nH,O + CaSO,—3Ca0.Al,0;.3CaSO,.nH 20 
and 


3CaO.Al1,0;.CaSO,.nH,O - H,O0=3Ca0.Al,0;.3CaSO,.nH 20 + 
Ca(OH),.+ Al(OH); 


An application of the mass law to these hypothetical reactions 
would indicate that the direction of the reaction would be thrown 
to the right by the addition of sulphates or calcium salts and to the 
left by the addition of hydroxyl-ion or aluminum salts. 
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Tastn 4.—Low sulphate caleium sulphoaluminate placed in aqueous solutions for 
varying periods; residue filtered off and examined under the microscope 





Time | 
Solution used of con: Microscopic and chemical report 
tact | 


Remarks 


— 





Days 
10 | Consisted largely of the high sulphate calcium | 
sulphoalumihate with some of original ma- | 
terial; solution contained CaO, Al:O:, and 
trace of S03. ; 
0.18 per cent CaSO, Consisted entirely of long needles of high sul- 
~"(Sat.). phate form. | 
10 per cent NasSOx. Consisted largely of high sulphate form, some | 
10H20. amorphous material; solution contained | 
CaO, SOs, and trace of AlOs. | 
Contained both high and low sulphate forms; | 
no calcium chloraluminate present; solution 
free of SO3 and Al2O3. 
10 per cent NaCl Mostly the high sulphate form present; solu- | 
tion contained CaO, Al,O;, and SOs. iJ 


Changes rapidly to 
high sulphate form, 


3 per cent CaCle 





Almost entirely the low sulphate form with 
17 per cent Ca(OH): some needles of high sulphate sulphoalumi- |(Changes slowly to high 
sulphate form. 





Sat.). nate. 

About equal amounts of the two forms present_ 

} 

ee of stability 
for low sulphate form. 





per cent NaOH 60 \only low sulphate form present 


1.2 per cent MgSO, 30 | Gypsum and amorphous material abtiitione 
3 per cent NagCOg 30 | Calcium carbonate only crystal phase present_ i 





0.6 per cent MgSQ4----..-/} 30 | Some gypsum, amorphous material || Decomposed by these 
J 





This compound, like the high sulphate calcium sulphoaluminate, 
is decomposed by solutions of magnesium sulphate and sodium 
carbonate when these salts are present in excess. 

It appears from these experiments that only the high sulphate 
form of calcium sulphoaluminate can be stable under the usual 
conditions in which a calcium sulphoaluminate may be formed in 
concrete. Even if a little of a low sulphate form were produced it 
would be converted more or less rapidly to the high sulphate form. 

Chlorides and sulphates of sodium, calcium, and magnesium are 
the principal constituents present in sea water and “‘alkali’’ soil 
waters. It has been found that sodium sulphate and calcium sul- 
phate solutions of any concentration react with all of the calcium 
aluminates to form calcium sulphoaluminate. In the case of calcium 
sulphate solution, no other reactions appear to take place. With 
sodium sulphate, however, there seems to be a preliminary reaction 
of the calcium aluminate and sodium sulphate to form calcium 
sulphate and sodium aluminate 


3Na,SO,+ 3Ca0.Al,0; + 2H,0—3CaSO, + Na,O.Al,0; + 4NaOH 


The calcium sulphate thus formed reacts with the calcium aluminate 
which remains to form calcium sulphoaluminate, and the sodium 
aluminate hydrolyzes to sodium hydroxide and aluminum hydroxide 


nCaSO,+ 3CaO.Al1,0;.nH,0@3Ca0.Al,0;.3CaSO,.nH,O 
Na,O.Al,0; + nH,O@2Na0H + 2Al(OH); 
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Since the calcium sulphoaluminate is stable in the presence of calciuy 
sulphate, sodium sulphate, and sodium hydroxide solutions it yijj 
not be subsequently destroyed by the presence of these substances. 

Still other reactions appear with magnesium sulphate solutions, 
Here, again, there is doubtless a preliminary reaction between 
magnesium sulphate and the calcium aluminate 


3MgS0O,+ 3CaO.Al,0; + nH,O-+3CaSO, + 2Al(OH); + 3Mg(OH), 


The products formed are calcium sulphate, aluminum hydroxide, and 
magnesium hydroxide, the latter being an amorphous, colloida! 
substance, highly insoluble in neutral or alkaline solutions. Due to 
the insolubility of the magnesium hydroxide, this preliminary reac- 
tion proceeds until practically all of the available magnesium sulphate 
has been used. It is only after the available magnesium sulphate has 
been almost completely precipitated in this first reaction that the 
calcium sulphoaluminate can be formed by the reaction of calcium 
sulphate with any remaining calcium aluminate. 

This viewpoint was confirmed by the following experiments: 

(a) Eight one-hundredths of a gram of tricalcium aluminate was 
added to 5 ml of 0.6 per cent (0.05 M) magnesium sulphate solution. 
A large quantity of calcium sulphoaluminate was formed, but no 
gypsum crystallized out. In this case the lime present was in excess 
of the amount required to precipitate all of the magnesia. 

(6) Eight one-hundredths of a gram of tricalcium aluminate was 
added to 5 ml of 4.8 per cent (0.4 M) magnesium sulphate solution. 
No calcium sulphoaluminate was formed, but a large number of 
gypsum crystals were present. In this case the magnesium sulphate 
was present in excess. 

(c) Five-tenths of a gram of tricalcium aluminate was added to 
5 ml of 4.8 per cent magnesium sulphate solution. In this case beth 
gypsum and calcium sulphoaluminate crystallized out. This amount 
of tricalcium aluminate gives an excess of lime, and in this case s0 
much gypsum was formed that, even after the formation of the calcium 
sulphoaluminate, some crystals of gypsum remained in the solid phase. 

With the other calcium aluminates it was necessary to vary the 
amount of the compound added to the magnesium sulphate solution 
because of the differences in lime content of these compounds. How- 
ever, in each case it could be shown that the formation of calcium 
sulphoaluminate was dependent on the ratio of the lime content 0! 
the calcium aluminate to magnesium sulphate and not entirely 00 
the original concentration of magnesium sulphate, as had been sug- 
gested by Shelton.” 





% See footnote 13, p. 717. 
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V. RELATIVE STABILITY WITH CALCIUM 
CHLORALUMINATE 


Friedel 2” demonstrated the existence of a calcium chloraluminate, 
a double salt containing tricalcium aluminate and calcium chloride. 
Since chlorides and sulphates generally occur together in sea water 
and “alkali”? ground waters, it seemed desirable to examine the 
relative stability of this calcium chloraluminate and calcium sulpho- 
aluminate. To do this three experiments were performed. 

(a) Two hundred milliliters of a 2.0 per cent solution of calcium 
chloride and 200 ml of a saturated calcium sulphate solution were 
added to 500 ml of a calcium aluminate solution. This mixture con- 
tained initially approximately the same concentrations of sulphate 
and chloride ions. After a week the precipitate which had formed 
was found by microscopic examination to consist entirely of the high 
sulphate calcium sulphoaluminate. No calcium chloraluminate 
could be found. Qualitative examinations of the precipitate indi- 
cated the presence of a large amount of lime, alumina, and sulphate 
but only a trace of chloride. 

(b) Some calcium chloraluminate was prepared by adding 200 ml 
of 2.0 per cent calcium chloride solution to 500 ml of calcium aluminate 
solution. After standing for a day a precipitate had formed which 
was identified by optical examination as calcium chloraluminate. 
About 0.5 g of this precipitate was allowed to remain in 200 ml of 
saturated calcium sulphate solution for three weeks. The precipi- 
tate was then found to be composed entirely of the high sulphate cal- 
cium sulphoaluminate. 

(c) About 0.5 g of calcium chloraluminate was placed in 600 ml of 
a solution containing 0.6 per cent calcium chloride, 0.6 per cent cal- 
cium sulphate, and 0.6 per cent calcium hydroxide. After three 
weeks it was found that the calcium chloraluminate had been con- 
verted completely to the high sulphate calcium sulphoaluminate. 

Thus, it seems that the product formed by the reaction of the 
calcium aluminates with solutions containing both chlorides and sul- 
phates will be the high sulphate calcium sulphoaluminate. The 
calcium chloraluminate will not be formed until all or practically all 
of the available sulphate has been combined as the calcium sul- 


phoaluminate. 
VI. SUMMARY 


From a review of the literature it appears that the formation of 
one calcium sulphoaluminate had been definitely established. The 
results of different workers show slight variations in the sulphate 
content and wide variations in the amount of water of crystallization 
of the compound, but, due to the similarity in optical properties, 





" Bull. soe, frane, mineral., 26, p. 121; 1903, 
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there is little doubt that the compounds described by these differen; 
workers are the same. The composition of the compound as reported 
had varied from 3Ca0.Al,03.2.5CaSO,.aq to 3CaO.Al,03.3CaSO,.29, 

Samples have been prepared in this laboratory by several methods 
but that which has given most satisfactory results consists in the 
interaction of solutions of calcium sulphate and calcium aluminate, 
preferably with added calcium hydroxide. An analysis of the pur 
material indicates a composition which may be expressed by the 
formula 3CaO.Al,03;.3CaSO,.31H,O. In the presence of dilute solv. 
tions of calcium sulphate, precipitates have been obtained which 
contain less than 3 mols of calcium sulphate to 1 mol of tricalcium 
aluminate. ‘The ratio in some cases was of such a value that the 
composition of the precipitate could be expressed by the formu 
3Ca0.Al,0,.2.5CaSO,.aq. This ratio appears to vary with the con- 
centration of the calcium sulphate in solution and indicates an 
equilibrium mixture of 3CaO.Al,0;.3CaSO,.aq and 3CaO.Al,0;.a¢, 
As the concentration of calcium sulphate increases the amount of the 
hydrated calcium aluminate decreases and eventually disappears. 
This would explain the difference in composition assigned to this 
compound by different writers. 

Microscopic examinations of some of the larger crystals have shown 
them to be long needle-like hexagonal crystals of refractive indices 
wWp1.464 + 0.002, €51.458+0.002, uniaxial negative in character and 
showing negative elongation. The specific gravity of this compound 
was found to be 1.48 at 20° C. 

The existence of a new calcium sulphoaluminate, 3CaO.Al,0,. 
CaSO,.12H,0, has been demonstrated. This compound has a lower 
sulphate content than the other form and may be distinguished by 
its higher indices of refraction wp = 1.504 +0.002, ep = 1.488 + 0.002, 
and by a platy crystal habit, distinctly different from that of the high 
sulphate compound. In general, it may be said that this compound 
is unstable. Under conditions commonly encountered in concrete 
it is converted to the more stable form with the higher calcium su 
phate content. This transformation is retarded by increasing hy- 
droxyl-ion concentration, being slow in saturated calcium hydroxide 
solutions and apparently entirely prevented by a 3 per cent solution 
of sodium hydroxide. The specific gravity of this compound is 1.9 
at 20° C. 

The high sulphate calcium sulphoaluminate has been found to be 
slightly dissociated in water. This dissociation is somewhat repressed 
by solutions of calcium hydroxide and calcium sulphate and slightly 
increased by solutions of sodium chloride and sodium sulphate, but 
in all of these solvents the amount of lime, alumina, or sulphate going 
into solution is far less than the amount which will go into solutia 
from a calcium aluminate or from calcium su!phate. 
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When carbonates are present, the lime liberated by hydrolysis of 
the calcium sulphoaluminates appears to be converted to the more 
insoluble compound, calcium carbonate. One product of the reaction 
being thus removed from solution, the hydrolysis proceeds until all 
of the calcium sulphoaluminate is decomposed, provided there is 
a sufficient amount of carbonate solution present. If a magnesium 
salt is present, the hydroxyl ions of the Ca(OH), are removed by 
precipitation of magnesium hydroxide. Thus, it is apparent that in 
the presence of only a slight excess of soluble carbonates or magnesium 
salts the calcium sulphoaluminates will be entirely destroyed. 

It has been shown that, when both sulphate and chloride solutions 
are present, the high sulphate calcium sulphoaluminate will be 
formed to the exclusion of calcium chloraluminate if there is sufficient 
calcium sulphate present to convert all of the calcium aluminate to 
calcium sulphoaluminate. 

A tabulation of the formulas which have been reported for the cal- 
cium sulphoaluminates is given in Table 5, and a comparison of optical 
and crystallographic data is given in Table 6. 


TaBLe 5.—Formulas reported for the calcium sulphoaluminates 





Authority Date | Formula | temarks 





0 ER ert : 1847 6CaO.Al203.3803.33H20_______- | The mineral Ettringite. 
Candlot 1890 | 3CaO.Al203.2.5CaS04.59H20__________| Crystalline spherulites. 
Michaelis -| 1892 | 3CaO.Al303.3CaSO4.30H20-___.........| Broad, needle-shaped prisms. 
Moses sckdeeeseaee sl.) Meee) SOUR BA ths BOs BieD.............. | The mineral Ettringite. 
Klinkenberg 394 | 2CaO.Al203.CaSO4.12.49H20 


| 2Ca0.Al:03.2CaSO..18.25H:0 
| 2CaO.Al203.3CaSOu.19.55H20 
| 2CaO.Al203.2CaSOy.18H20 
| 3CaO.A1203.3CaSO4.10H20 


| CaO.Al03.CaS0.10H,0 


3Ca0.Al203.3CaSO4.nH0 

3Ca0O.Al203.2.5CaSO4.7H20 

3Ca0.Al2,03.3CaSO;.nH20 
3CaQ.Al203.3CaSO4.nH20-_..--..---- | Long, slender needles. 


Kiihl and Lafuma g 3Ca0.Al03.3CaSO4.nH20 

Melntire and Shaw.........| 1925 | 3CaO.Al203.3CaSO4.nH0 -_-.--...-.| 

lerch, Ashton, and Bogue__| 19 3CaO.Al203.3CaS04.31H20 | Fine needle-like crystals. 
D | 19 3CaO.Al203.CaSO4.12H30_______-- Star-shaped spherulites. 








TABLE 6.—Comparison of crystal data on the calcium sulphoaluminates 





Lerch, Ashton, and Bogue 


Klein and Phillips | . Shelton . ih Se 
| High sulphate form | Low sulphate form 





Formula. - auf 3Ca0.Al03.3CaSO,4.aq_| Not given | 3CaO.Al203.3CaSO.4.- | 3CaO.A]203.CaS Ou.- 
| 31H20. 12H20. 





| 
| Long, slender needles | Long needles and | Long needles often in | Hexagonal plates 
| often in spherulitic coarse prisms. |  spherulitic form. often in star-shaped 
form. | groups of 4 to 8 
| plates. 
Optical char- | Biaxial positive; large Uniaxial negative. 
acter. | _ optic axial angle. 
Extinction _ __| Parallel Parallel Parallel. 
Rengation.. Negative.............. | Negative Positive. 
active | {1.461+0.003 wp = 1.504+0.002. 
_ indices, )}Less than 1.48 | p=1.488+ 002. 
Birefraction..| Low 











Wasuineton, October 12, 1928. 
* 
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AN ANALYSIS OF THE ARC AND SPARK SPECTRA 
OF YTTRIUM (Yt I AND Yt II) 


By William F. Meggers and Henry Norris Russell 


ABSTRACT 


All the available data (wave-length measurements and intensity estimates, 
temperature classes, Zeeman effects) on yttrium lines have been correlated and 
interpretated in an analysis of the arc and spark spectra. The total number 
of lines classified is 448 in the Yt I spectrum, 223 in the Yt II spectrum, and 10 
in the Yt III spectrum. 

Series-forming terms have been identified in each of the spectra, and from 
these the ionization potentials of 6.5 volts for the neutral Yt atom, 12.3 volts 
for the Yt+ atom, and 20.6 volts for the Yt**+ atom have been deduced. 

Yttrium is a chemical analogue of scandium, and the corresponding spectra 
are now seen to be strikingly similar. A 2D term (from a d electron) represents 
the lowest energy (normal state) of both Se III and Yt III, and another *D 
(from the sd configuration) describes the normal state of Sc I and of Yt I. The 
configurations which do not contain a d-electron are much lower in Yt ITI than 
in Se II; a consequence of the fact that the s and p states in Yt III are lower 
compared with the d state than in Sc III. This results in 'S, (s?) as the normal 
state for Yt II, while it is ?3D (sd) for Se II. 

The analyses of Yt I and Yt II spectra are supported by measurements of 
Zeeman effects, which are interpreted with the aid of Landé’s theory of Zeeman 
effects and multiplet structure. All details of the three spectra, Yt I, Yt II, 
and Yt III, are in accord with Hund’s correlation of spectral terms with electron 
configurations. 


CONTENTS 


. Introduction 
. The spectrum of doubly ionized yttrium (Yt III) 
. The spectrum of singly ionized yttrium (Yt IT) 
. The spectrum of neutral yttrium (Yt I) 
V. Theoretical interpretation of the spark spectra and comparison 
with scandium 
‘I. A note on Se II 
. Interpretation of the terms of Yt I 
Ionization potentials of yttrium atoms 
. Yttrium in the sun 


I. INTRODUCTION 


Last year the authors! published an analysis of the are and spark 
spectra of scandium (Sc, Z=21), the lightest element exhibiting a 
spectrum of the type characteristic of the heavier metals in which 





' Russell and Meggers, B. 8. Sci. Paper, No. 558, 22, p. 329; 1927. 
28183°—29———-1 733 
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the lines are very numerous, multiplets are abundant, and series ar 
inconspicuous. Yttrium (Yt, Z=39) is a chemical analogue of 
scandium; it occupies a corresponding position in the second long 
period of elements, and, since it has the same number and type of 
outer electrons, its spectral structures may be expected to resembh 
those of scandium. Such resemblances between homologous spectr 
are often very close (as for Ca and Sr, which immediately preced: 
Se and Yt). In other instances, however, there are minor but signi- 
ficant differences (mainly in the relative levels of the terms) which 
may prove of importance in the refinement of present atomic theories, 

In the present paper the authors give the results of an extensive 
analysis of yttrium spectra in much the same manner as their results 
for scandium; the summary of recent theory and, except for a slight 
variation, the notation given in the earlier publication apply als 
to the present case. 

The first regularities in yttrium spectra were found in 1914 by 
Popow,’ who measured the Zeeman effects of certain lines and recog- 
nized two ‘‘compound triplets” of six lines each. These cover the 
intervals 3179-3242 A and 4199-4423 A; both are of the type *D-—P 
and arise from ionized yttrium atoms. A larger number of lines 
with wave-number differences of 205, 405, and 1,847 cm was listed 
by Paulson* in 1915. These differences express the separations 
of four low-energy levels in the Yt II spectrum now identified as 
a°D,, a®D2, a®D;, a'D2. Additional multiplets belonging to the Yt I! 
spectrum, and the first regularities among arc lines (compound dou- 
blets in the Yt I spectrum) were published by Meggers* in 1924, and 
new observations of Zeeman effects enabled Meggers and Moore’ to 
find the principal quartet-system multiplets in Yt I. Further exten- 
sions of the analyses of both spectra were published in 1926 by 
Meggers and Kiess,° who found singlet terms in Yt II and also inter- 
combinations between the singlet and triplet terms of Yt II and 
between the doublet and quartet terms of Yt I. 

The lowest terms then found were a doublet-D in Yt I and a 
triplet-D term in Yt II (resembling the normal terms of scandium). 
The complete analysis shows that the former corresponds to the 
normal state of neutral yttrium, while the normal state of the ionized 
atom is given by a singlet-S term about 0.1 volt lower in the energy 
diagram than *D. For the higher homologue, lanthanum, the normal 
states appear to correspond to 7D for La I and to °F’ for La II. 
These differences find a simple explanation on Hund’s theory’ of 
spectral structure. 





? Popow, Ann. d. Physik, 45, p. 163; 1914. 

§ Paulson, Astrophys. J., 41, p. 72; 1915. 

* Meggers, J., Wash. Acad. Sci., 14, p. 427; 1924. 

5 Meggers and Moore, J., Wash. Acad. Sci., 15, p. 207; 1925. 

® Meggers and Kiess, J., Opt. Soc. Am., 12, p. 417; 1926. 

’ Hund, Linienspektren und periodisches system der Elemente, Julius Springer, Berlin; 1927. 
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The preliminary classifications of yttrium lines were seriously 
handicapped by the lack of descriptive data. Although tables of 
wave lengths and intensity estimates in arc and spark spectra have 
been published by many observers, the lists, individually and col- 
lectively, still left much to be desired in the way of completeness 
and consistency. For these reasons the are and spark spectra of 
yttrium were recently remeasured by one of us. Many new lines were 
recorded in the infra-red where an interval of nearly 2000 A was 
added to the are spectrum, and a critical differentiation of lines 
belonging, respectively, to the Yt I, Yt II, and Yt III spectra resulted 
from a comparison of line intensities in arc and spark sources. In 
addition to these new wave-length determinations the Zeeman effects 
for 220 lines were measured by one of us,* and the excellent separation 
of 451 yttrium lines into classes corresponding to their development 
with furnace temperatures has been recently published by King and 
Carter..° These new data have made it relatively easy to classify 
almost all the lines ascribed to yttrium atoms, to specify without 
ambiguity practically all of the spectral terms, and correlate them 
with electron configurations. It has been possible to establish and 
identify many high (third set) terms in both the Yt I and the Yt II 
ispectra. In both spectra certain of these higher terms have been 
S identified as the second members of series, the extrapolation of which 
lead to ionization potentials of 6.5 volts for neutral Yt atoms and 
12.3 volts for Yt* atoms. The total number of classified lines in the 
various spectra is as follows: 448 in the Yt I spectrum, 223 in the Yt 
II spectrum, and 10 in the Yt III spectrum. 

The detailed results will be presented, first, for Yt III, then for Yt 
II, and finally for Yt I, thus proceeding from the relatively simple 
(alkali) case of 1 valence electron to the 2-electron spectrum and lastly 
to the complex spectrum arising from the increased transition 
possibilities with the full complement of 3 electrons. 


Il. THE SPECTRUM OF DOUBLY IONIZED YTTRIUM (Yt III) 


Yttrium belongs to the second long period in which electron orbits 
of the types 5s, 5p, and 4d are successively added to the completed 
krypton shell. In doubly ionized yttrium only one valency electron 
remains; in the normal state this electron is in a 4d orbit, which 
produces a 7D term. The next lowest state corresponds to the 5s 
orbit, and higher states arise from 5p, 6s, 5d, and 4f orbits. These 
terms and their combinations were published in 1926 by Bowen and 
Millikan,’ who gave 165,289 as the term value for 7D,. The terms 








* Meggers, B. S. Jour. Research, 1 (RP12), p. 319; September, 1928. 
* Meggers, B. S. Jour. Research, 1 (RP12), p. 319; September, 1928, 
" King and Carter, Astrophys. J., 65, p. 86; 1927. 

" Bowen and Millikan, Phys. Rev., 28, p. 923; 1926. 
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measured upward from the lowest energy level are shown in Table | 
and the combinations in Table 2. 

The lines of doubly ionized yttrium are characterized by an eno. 
mous intensity difference in spark and arc. Whereas the estimate) 
intensities of these lines in the spark spectrum range from 20 to 20) 
only the four strongest lines involving the low*D and ’S terms haye 
been observed in the 220-volt arc spectrum; these are 2367.25 (3) 
2414.68 (5), 2817.03 (5), and 2945.92 (4). 

The series limit 165,289 in the Yt IIT spectrum corresponds to ay 
ionization potential of 20.4 volts for the Yt** atom. 


TABLE 1.—TZerms in the Yt III spectrum 





Configu- 
ration 


Terms 





if 42D 

4d “D3 
5s 5781 
K 5°Pi 

°P 5'P3 
6°81 

5D: 

5d | BD: 
4f “F; 














Table 2 gives the known lines of this spectrum. No additions 
have been made in the present paper, but the wave-length measur- 
ments and intensity estimates are new except for the first two lines. 


TABLE 2.—Classified lines of Yt III 





Intensity| » (vac) Terms 
4D24'F; 
4D;-4F; 
5°P1-5'’Da 
5°P3-5'D3 
§°P2-5’Ds3 
5?P 1-68; 
&P2628; 
#4Dr5'P2 
47D3-5?Pa 
D-5'P; 
5tS1-5*P2 
5781-5’ Pi 


Nb PN 
S28 SNS: 
SSSR SRS BS 


eres 


338 esses 88... 





EVES 
SIAN 


z 














| PPD HHP 


1 Quoted from Bowen and Millikan, Phys. Rev., 28, p. 923; 1926. 


Of the remaining groups which might be anticipated in this spec- 
trum 4D-6S should lie near 1000 A, 6S-6P and 5D-4F near 8000 A, 
and 5D-6P beyond 9000 A. In the visible region the combination 
6P-6D, 6P-7S and 5D-5F may be anticipated—the first two a little 
short of 5600 A and the last near 3800 A—but all of these are prob 
ably very faint. Further extension of the spectrum is therefor 
likely to be difficult. 
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Il. THE SPECTRUM OF SINGLY IONIZED YTTRIUM (Yt II) 


In addition to the relatively small number of lines characteristic 
of Yt*t the spark spectrum of yttrium shows about 230 lines which 
are associated with Yt*. Comparison of arc and spark spectrograms 
readily identifies most of these lines and divides them roughly into 
two classes. The strongest lines arise from combinations of low 
energy states with the next higher or middle set; they are generated 
with almost equal intensity in a 6-ampere, 220-volt arc and in a high- 
voltage condensed discharge and have nearly the same appearance 
in both sources. The second class of lines is very much enhanced 
upon passing from the arc to the spark. In the latter source, they 
are often decidedly hazy and shaded toward longer wave lengths. In 
the are they are faint, and many do not appear at all in this source. 
The majority of these lines lie in the ultra-violet region; practically 
all of them have been identified as combinations between the second 
or middle set of terms and a higher or third set. Their hazy and 
unsymmetrical character suggests that, as in other spectra, these 
high terms correspond to larger electron ‘‘orbits’”’ and are thus espe- 
cially susceptible to Stark- and “‘pressure”’ effects. In scandium such 
lines were recognized by their strong enchancement at the negative 
electrode of the arc.” 

In general, the structure of the Yt II spectrum parallels that of 
Se II. Most of the strong lines represent combinations between 
‘P’, °D, °F’ terms of low energy and a triad *P, *D’, °F lying between 
24,000 and 30,000 cm higher. Two outstanding lines, 3327.89 
(150 IIT E) and 4374.94 (300 III E), were described as singlet com- 
binations by Meggers and Kiess, who also called attention to two 
prominent unclassified lines, 3496.08 (150 III E) and 3633.13 (300 
III E), suspected of involving singlet terms. The first two of these 
arise from a 'D term, analogous to one in Sc II. The other two were 
at first puzzling, but it was later found that they arise from a 'S 
term which lies 840.18 em~! below a®D and defines the normal state 
of the ionized yttrium atom. 

The singlet combination a'D,—2z'P,, 4127.57 (2), is abnormally 
faintin Yt II. In Se II it is considerably stronger, though still the 
faintest in the triad to which it belongs, 

The terms which have been identified in the Yt II spectrum are 
listed in Table 3. The term values are measured upward from the 
lowest known energy level, a'S,, which is undoubtedly the lowest in 
the ionized atom. Term symbols, relative values of the levels, sep- 
arations of the sublevels of polyfold terms, and combinations with 
other terms are given in successive columns. 





: Russell and Meggers, B. 8. Sci. Papers No. 558, 22, p. 331; 1927. 
* Meggers and Kiess, J. Opt. Soc. Am., 12, p. 425; 1926. 
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All the terms are confirmed by combinations with two or mon 
levels, except 6'S, and 6'G,, which depend on only a single line jy 


each case. 


For the second of these the identification of the line 
which is the strongest member of a ‘‘supermultiplet,” 


is practically 


certain; for the first, it is probable, but not entirely assured. 


TABLE 3.—Relative terms in the Yt II spectrum 





Level | A» 
0. 00 a ae 
840. 18 
1,045. 09 
1, 449. 88 


3, 296. 27 


8, 003. 12 
8, 328. 01 
8, 743. 39 





415. 38 





0 | 13,883, 47 
1 | 14,018, 33 
2 | 14,098. 17 
2 | 14, 832. 91 | 


| 
| 
| 15, 683.0 | 
| 28, 445. 10 | 
| 331. 16 

23, 776. 26 | 

| 870. 92 

24, 647. 18 


+ | 26, 147.21 | 
| 27,516. 71 


| 27, 226. 97 
| 27, 532. 22 
| 862. 09 

28, 394. 31 


305. 25 
1 28, 595. 25 | 
| 134. 80 
a | 28,730.05 | 
3 | 29, 214. 07 

| 32, 048. 82 | 


| 32, 124. 13 | 


324. 89 | 


484. 02 || 


Combinations 


2P, yP, 
21D’, z'F. 


2D’, 2F, 


21P, y'P, z'D’, z'F, 2*P, 
yP, 2D’, 2'F. 


iyP, 2D’, 2F, 2iP, 21D’, 
= 


oD”, #F, 72, 


2P, y'P, 21D’, 2'F, 
2D’, 2'F. 


IF, 23D’. 


yP, 


aD, 


|ag, 68S, bP’, 
a's, 


i} bD, &D, aD, 
| aD, d'D,'a'F’. 


ap’, alD, 8D, cD, 
@D, eD, fiD, alF’, 
bp’, aD, b'D, eD, 
ap’, ak’, dF’, aa. 


aiS, b1S?, clS, a!P’, a!D, 
OD, cD, dD, eD, 
j1D, ap” bp” aD, 
6D, a®F’, (05F’??), 





\|oP’?, aD, 8D, oD, 

iF’, 'F’, aG, alP’, 
aD, 8D; cD; @D} 
e'D, alF’, 

| 

f 


ap’, Pp’, cP”, ap, 
BD, &D, aF’, BF’, 
a’G, ais, clS, aiP’, 
aiD, 6'D, ciD, eD, 
alF’, a'G. 


} 
H 
} 


Jos, tS, at’, bPY, oP», 
aD, WD,’ eb,’ dD; 
a'F’, aG, ais, aD; 
BID, clD, alF’? 


| aiD, 1D, c!D, d'D, al F’, 
aiG, bIG, aP’, aD, 
bD?, oD, or". 





uP, YP, 2P, y’P, 2D’, 


| 
yPy 
BD, 


BD; 
aD, 


ass; 


a\F’; 


bIP’o 
| BP: 
biP’s 
aG3 
| a3G4 
aGs 
oD, 

c'Ds 
Ds 
b'So 

ap’; 
aD2 
68S: 

oF’: 
biF’; 








| Term | 





Level 


44, 568. 2 


| 54, 955. 6 
b8Ds | 5 


5, 032. 0 
55, 645. 4 
55, 724.9 


58, 261.7 
58, 533. 0 


58, 775. 7 
59, 147, 2 
59, 669. 6 
59, 178. 9 
59, 471.8 
59, 900. 4 
58, 719. 7 
58, 946. 6 
59, 327. 1 
59, 615, 8? 


| 59, 715.4 
| 
| 60, 535. 1 


61, 200. 2 
61, 336.7 
61, 650. 5 
61, 934. 1 
61, 367.3 
62, 495. 2 
63, 350.0 
64, 102.9 
64, 262.7 
64, 597. 1 
66, 131. 5 
65, 188.7 
65, 275.0 





} 
| 
| 
| 
| 
| 
| 
| 


? 











C ombinations 


a's, aD, wD pp, oP, 


2P, y3P, 2D’, 2K, 
2D’, ziF? 


zp, 2D’, 2F, yp, 


2D’, 23F 
23P, yP. 


2p’, 
2p’, 


21F, 
ZF, 


) 
iF oP, gP, 2D’, 2, 
21P, zp’. 


w8P, 2D’, 2F, 21D’, 


2P, y'P, 2D’, 
21D’, 2'F. 

2’P? 

aP, 2D’, 2D’, 2F. 

2P, 21D’, 2'F, 2P, 2 

2P, yP. 

) 


| 
2D’, 2F, (2'P??), 2D 


zip, 2D’. 
2'P, 2!D’, z’D’, 2°F. 


2'F, 


iP, 28D’. 


2P, yP, 2D’. 


z2P, wP, #0’. 


Diagrams of the terms and combinations are reproduced in Fig- 
ures 1 and 2, in which black dots represent singlet terms and circles 


triplet terms. 


Full lines represent singlet-singlet combinations, and 
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triplet-triplet, and broken lines singlet-triplet combinations. The 
resemblance to the corresponding diagram “ for Se IT is striking. 





80000 























20000 








™ Yt Il- singlet system 








a 
IS 'iD ip! TY'D IF ti Ve 
Fiu. 1.—Energy diagram for the Yt II spectrum singlet system only 
See Figure 2 for triplet system and singlet-triplet combinations 


0 





The complete data for all classified lines of ionized yttrium are 
given in Table 4, successive columns of which contain the wave 


“ Russell and Meggers, B. S. Sei. Papers No. 558, %2, p. 334; 1927. 





740 Bureau of Standards Journal of Research (Vols 


lengths, arc and spark intensities, arc intensities and furnace classes 
by King and Carter (loc. cit.), the vacuum wave numbers, the 9}. 





80000 —, 























YtI-triplet system 
and singlet -triplet 
combinations. 


SS PPP? DDDD FFT G °C 


Fig. 2.—Energy diagram for the Yt II spectrum 











Black dots represent singlet terms, circles triplet terms. Full lines represent triplet-triplet 
combinations, and broken lines singlet-triplet combinations. See Figure 1 for singlet 
system 


served and theoretical Zeeman effects, and finally the intensities 
on Rowland’s scale of those lines which appear in the spectra of the 
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sun’s disk and of sun spots. The intensities and identifications of 
solar lines are taken from the Revision of Rowland’s Table.’ Those 
in the sun-spot spectrum have been newly assigned by one of us 
(HNR) from examination of the Mount Wilson map of the spot 
spectra. The letter b following the intensity denotes that the yttrium 
line is blended in the sun with a fainter line, while m signifies that 
it is masked by a stronger solar line. N denotes a hazy line; ? that 
the identification is doubtful. The spot spectrum is unobservable 
to the violet of 3900 A and the solar spectrum ceases at 2975 A. 


TaBLE 4.—Classified lines of Yt II 


| nT Zeeman effect | 

Intensit 
Clas d y Terms a See 
Spot 


Solar intensity 





Are \Spark; Observed Calculated | Disk 





| 
2,243.06 | 25} £ 44, 568.1 | a!So-y' Py 
2, 268. 14 | 44, 075.3 | 2'D’s-f'Ds 
2,340 | | 42, 707.3 | z'Pi-f1Ds 
‘ 41, 686.3 | 28Po-d'D; 
41, 413.8 | 23P\-d§D 


354.2 | 23P\-d53Di 
aDe-y'Py 
23P2-d' Ds 
23P2-dDs 
21D’;dD; 


23P2-b3S; 
2'!D’s-e!Da 
23P;-b'P’s 
2P2d'Dy 
23Po-b'P’; 


2D'1-8P"; 
2D/3-c3P’s 
23P;-09P’; 
2F2-e'D3 
21D’:-b'F’s 


2P:-c8Ds 
23P2-b3P’s 
2P)-0'P’s 
z'P;-e'D, 
2Po-a'S: 


j 2P2biP’; 
485. 2P)-a3S; 
387. 21D’r-d'Dy 
118. 2F3-bF’s 

34, 110. 23F3-b'F’s 


33, 900. 2D’;-e!Da 
Sat 2P2-al F’s 
z'P)-c!So 
2'P)-b3F’s 
2°F3-b' F's 


-< 


-2—s 





Oanw RWW se 
rE 


ro 


RwOnmwcu 


Norte GO 


See presse oe 
00 89 00 es 


2P2-a°S; 
2!D’:-alP’; 
2Fy-b'F’s 
2'D’2-b3P’s 
2F-d'Dg 


2F,-b'F’; 
vPi-@D2 
2'D’20°Gs3 
2'P:-d'D,y 
y®P:-d'Ds; 
2D’: F’s 
2D’\-c!Soe 
23D’,-b3 F's 
| 720. 2D’3;-b'F’s 
| 32, 606. 2D/rb3 F's 
* Papers of the Mount Wilson Observatory, 3, Washington; 1928. 
28183°—29—2 
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= 
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TABLE 4.—Classified lines of Yt 11—Continued 





Intensity | | 


Zeeman effect Solar intensit; 
Intensity | ‘ 
—+| ‘Class It Terms eae eel) ee 


l 
Are Sperk, | Observed | Calculated Disk 





| 
| 21D’2-eD; 
23F:-a'P’; 
y'Pi-c?P’2 
2F2-b3P’3 
23D’;-b'F’; 


2![—’;-alF"s 
y>P2-cP’2 
a3D)_-2!'F; 
yePo-c'P’; 
2'P)-a'P’; 


2'P;-b'P’s 
i. F3-6'P’3? 
yP-oP% 
a'So-y3 Pi 
f2F2-c?Ds? 
(2! P1-b1S9? 
{¥; P2-c°P"; 
y'P;-c'P’o 


an SIRO WM 





- © & 


4h 
Mhl| 5 VE ! 2F 2-3 
40hl/10VE 23F3-a5G, 
5 1} 2VE @D3-z2'F3 
l2h | 2°Fs-c'D3 
fih | | 2iP)-b°P’; 


=) 











} 100hl) 1OV E 506.1 | 2Fi-a'Gs | (0.00)— Ri ad 
a , |f (0, 08, 1. 00) 
(10 | VE 3.2! @Di-y'P, | (0.00)— 0501 308.80 i m 
3 hl 3.6 | 2F3-c'D2 
- 2hl 304. 2'?F2-a'F’s 
5| 50 | 100IIIE 283.8 | @Di-y'Py | (0.95) 1.40 | (1.00) 0,.50,1.50/ 2h 


2h 5.6 | 2°P:-b'Da 

50 100 III E .3 | a@Dey'P2 | (w) 1.268 (0. 50) 1.33 Bur | 2Nd m 

60 | 100TIIE | ; a'D;-y*Po | (0.00) 0. 46 (0. 00) 0. 50 

5hil 120.4 | 2D’;-aIP4 } 
150 III E | 31,078.8 | a®Ds-y'P; (0. 00) 0. 98 (0.08) 1.00 Atur| 1 


30, 997.2 | 23P2-b'D; | 
939.4 | 25D’2-b3P’s 
931.7 | 2°Fy-c?D; 

833.4 | a? D;-y' Po (0. 00) 1.18 (0. 08) 1.17 Alur 
470.6 | a§P’s-y'P; 


455.7 1 2°D’s-b'P’s 
416.8 | 22D’:b'P’; 


350. 4 | 29D’;-c?D2? 
257. 23D’3-a° Gy, 
2D’rD; 


2D’;-b8 P’o 
2D’3-ciD, 
28D’3-C°Ds; 
a'D2-z'F; (0. 09) 1.00 | (0.00) 1.00 
z\F; b'G, | 


ew wes 
GS la — a 
co I 


~ 
= 





i 


a 
. 


150 III E 
3VE 


8 
& 
wont 


2D’;ciD; | 
23D’3-a3Gy 

O'De-4y'P; (0. 00) 1.10 | (0.00) 1. 00 
21D’rc'D 
23D’;-a'F’; 


yPo-b'S1 | 
a'Ds-y'P, | (0.72) 1.20 Bw| (0.75) 1.25 Bur 
y?P2-b'8; 

21D’2-B' Ds 
a'Ds-y Pi 


2D’2H'D 
a'So-2!D’; (0. 00) 0.62 | (0.00) 0. 50 
23F3-c!D, 

z'P;-c'D2 
@D3-2'D’; | (0,00) 1.52 A? | (0,08) 1.50 A? ur 


35VE 
4V? 
0 VE 


150 III E 




















@ennon Om I CO oovsiso 


| 150 ILE 





Apr., 1929) 


——————— 


Intensity | 
M 


ord 
" | 

Are |Spark| 
| 


5 hl 

| 100 

300 

5 | 100 
2/ 10hl 

| 200 

100 

| 200 


2 rte | 
8, 584. 53 
3, 600. 74 
01. 93 
05. 4 
11. 06 
. 71 
18 | 
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TABLE 4.—Classified lines of Yt I]—Continued 


| Intensity 
Class K 


150 III? E 


500 III E 
200 III E 


| 400 III E 


150 III E 


| 300 III E 


| $00 III E 


| 0111 E 


200 III E 
40 IIL E 


| lOOTILE 


3h 
hi | 
hl | 
5/20 | 
10 hl 
15 

2 


| 


150 
1 


20V?E 


|10VE 


150 IIT E | 


| 100 NIE 


| O11 E 


125 


e 
0 








| 125 111 E 


8VE 


| 0VE 
| 40IVE 


125 Hl E | 





Zeeman effect 


{ 


| Solar intensity 





Observed 


Calculated Disk | Spot 





28, 112.7 
27, 889. 7 
764. 2 


755. 0 
728.3 


684. 8 
550, 2 


516.7 
499. 5 
439. 1 


386. 
230. 
251. 
198. 
130. 


2F3-b'Ds 
a'D;-25D’s 
a'D3-2!D’s 
@D);-2D"; 
2F2-0'D; 


a@D:z-2'D’s 
@D3-22D'; 
a'So-z'P; 
23F3-b' Ds 
21P)-6'D; 


yP:-bP’s 
a'D;3-23D’: 
22Fy-0°D; 
ziF3;-d'D2 
2D’;-c1D, 


yPo-b'P’; 
yP:cDs 
2D’rc!D2 
aiD3-25F 4 
2D’rb'Ds; 


er a 


098. 
27, 044. 
26, 995. 

944. 

915. 

895. y?P2—a'Q; 
yP2-b' Pi’ 
y*Pi-c3D2 
@D-2'P; 
yPi-c Di 


@Dr-25F3 
@D-z'1P; 
23D,;’-b3 Ds 
a3—D-z'F2 
2D)'-H'D: 


2!D2/-b5D; 
y°Ps-alF;’ 
23D2’-hD, 
y'Pe-a'si 


a@D2-23F 2 


864. 
823. 
676. 
596. 0 


Wao oe Om ORO 


487. 
471. 
431. 
386. 
360. 


s 
<) 


m POD WOW 2B © S&S Noe 


248. 
225. 


= 
2 
i) 


yP1-a'S1 
a'D;-z'F 3 


2'F3-c!D3 
y?P2-a°S; 
23D;’-b' D2 


aD3-25F 3 
yPrf'Da 
a'D2-23D7’ 
a3 Fy’-21F3 
a@D-2!Dy’ 


aD:-2D,’ 
21F3-a! Fy’ 
@D2-2'Dy’ 
a'F3’-z!1F 3 
a@Fy/-2'F3 


a'D2-23F 3 
a@D2-2'P; 
a'De-2'F 3 
a'D)-z*Po 


a'So-z'Py 
902, a3y_—-23 Py 
pong 7 | ¥Ps -1D, 

1.8 | vP2-}5Ds; 
23, 197, 4' aiD5-2°P, 





) 
1,74 


(0. 00) 1. 16 
ty 00, 0. 59) 


(0. 00) 0. 91 


(0. 00) 1.50 .A? 


(w) 1.15 Al 


(0. 44) 0. 48, 0.94 


(0.00) 1.05 
(0.00) 1.31 A? 


(0. 00) 0.82 A? 





(w) 1.06 B 
| 
| 


| (0. OOF 1. 33 
| (0. 00) 0. 50 


(6 
0. 58, 1. 16, 1.72 | 
(0. 00) 1. 00 





{a 00, 0. 46) 
0. 45, 0.97, 1, 49 | 


| 
| (w) 1.28 A? 
| 


| (0.38) 1.03 B 


| (0.00) 1, 14 


| 
| 


a’Fy-y3P2 | 


0. 44) 0.90 B 
f (0. 00) 

j\e 63, 1.51, 2.41 | 
(0. 00) 1. 48 


| 
}(w) 115A! | 


|f (0. 00, 
1\0. 590, 1. 00, 1, 50 
\(0. 29) 1.08 B ur 


(0, 00, 0. 67) 


0. 50, 1.17, 1,83 





(0. 00) 1.17 





(0. 08) 1. 50 A? ur) —" 


| 
| 
(0.06) 1.12 At ur} 3 
| 
| 





(0. 50) 0. 50, 1. 00 


(0. 04) 1.00 Alur 
(0. 04) 1. 25 A? ur 


(0.04) 0.77 A? ur ; 


(0. 50, 1, 06) 
0. 17, 0, 67, 
1 1 


17 1 
. 17, 1. 67 


| 
. 25,0. 50, 0.73), 


cu 
0. 58, 
1 


0. 83, 1. 68, 
. 33, 1 


83 

. 58, 1. 84 

| 

| 

| 2b 

(0, 29) 1.08 Bur | 0 

| (0. 00, 0. 50) \2 

0. 50,1. 00,1,50 f° 
Jona 


0. 50) 
| 
| 
3b 


|. 04) 1.17 Atur | 0 
R 
. 58) 0. 84 B ur | 


. 00, 1. 00) 
. 50, 1. 50, 2. 50 





(6.08) 1.17 A'ur' 1b 
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TaBLEe 4.—Classified lines of Yt IJ—Continued 





| Intensity | | Zeeman effect 
| | 


Solar intensity 


A se Intensity 


Class K Terms 





|Arc Spark! Observed Calculated Disk | Spot 


40 


— = j 
} 


| 50 IIL E 





4, 358. 73 22, 936.0 | a*D;-2°P; 


64. 01 | 


64.17 
74. 94 


4, 398. 02 


4, 422. 
4, 465. 
4, 607. 


4, 682. 
4, 713. 


59 
4 
94 


32 
26 


4, 786. 58 


5, 119. 12 
23. 
5, 196. 4% 
5, 200. 42 
05. 7: 
5, 289. 8 
5, 320.7 


5, 402. 


44. 
5, 546. 02 
5, 610. 36 
5, 662. 95 


5, 728. 91 
5, 781. 69 
6, 613. 74 


6, 795. 41 
6, 832. 49 


58, 25 
6, 896. 00 


30 
ai. | 
Se | 
200 | 300 | 
| 75 | 50 


50 ] 


30 














300 III E 
100 ITI E 


80 III E 


20VE 
()HNR 


10IVE 
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The term notation in Table 4 is in common use except for a minor 
variation in the term coefficients. The even terms have been denoted 
by the letters a, b, c,.... . , @ being at the lowest level; the odd 
terms by 2, y,@... . ,2 being the lowest. This is the only departure 
from previous custom; it has been adopted on account of the danger 
of confusion in writing or printing between such combinations as 
atk’-0‘F and a‘F-0‘F’. 

The symbols accompanying intensities and Zeeman effects are those 
generally understood; their meanings are completely defined in the 
paper describing the observations on yttrium spectra '* except for ur, 
which appears with some of the theoretical Zeeman effects in the last 
column. This symbol indicates that the magnetic components are 
unresolved, and the theoretical separations of such fused groups of 
components are assumed to be increased or decreased by one-fourth 
the distance from the strongest to the weakest in Back’s A‘ and A? 
types, respectively. This rule was found by Russell * to fit the meas- 
urements of unresolved Zeeman effects in titanium spectra; it also 
holds remarkably well for the yttrium spectra presented in Tables 4 
and 6. Some of the resolved patterns give evidence that there are 
slight deviations from the Landé g values, but a detailed discussion 
of these should be based on measurements of higher precision. Very 
few enhanced lines remain unclassified. Those with intensity greater 
than 2 in the spark are as follows: 





' 


Are 


i 
| Intensity 
| 





29, 336. 9 
21, 115.6 
20, 700. 9 











The last two may possibly represent 6P-6D of Yt III, but unfortu- 
nately this can not be established at present. King and Carter (loc. 
cit.) published a line at 3,847.87 (15 IV? E) which is probably an 
error, since this line has never been recorded by other observers. 


IV. THE SPECTRUM OF NEUTRAL YTTRIUM (Yt I) 


The normal state of the neutral atom is represented by a doublet-D 
term with separation of 530 wave numbers. Transitions between this 
and higher terms account for most of the lines of Classes I and II 
which King and Carter (loc. cit.) have found to be strong in the fur- 
nace at low temperatures. No absorption data for these lines exist 
except in the.solar spectrum, where many of them appear strengthened 





Meggers, B. 8. Jour. Research, 1 (RP12), p. 319; September, 1928. 
" Back, Zeitsehr. f. Phys., 15, p. 212; 1923. 
* Russell, Astrophys. J., 66, p. 308; 1927. 
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in the sun spots. A low quartet F’ term combining with a triaj 
*D’, *F, *G’ accounts for a considerable number of strong lines of 
Classes II and III. The companion ‘P’ term gives several good mult. 
plets. The remaining terms of the low-energy set which have bee 
identified are *D, *F’, and *G. A ?P term belonging to the middle get 
lies lower than any of these and a triad *P, *D’, *F somewhat higher. 
These combine with many high terms of the third set and greatly 
extend the list of classified lines. They also combine with the funds. 
mental 7D term to give important lines in the red and infra-red. The 
observations of Zeeman effects, which revealed intersystem combina. 
tions, were helpful in unraveling these tangles. 

Table 5, which is arranged similarly to Table 3, gives the terms 
which have been identified in the are spectrum of yttrium. A fey 
isolated levels are denoted by 1, 2, 3,.. . ; these are probably por. 
tions of terms of which the.remainder could not be identified. The 
subscripts denote the inner quantum number; for ease of printing and 
reading whole numbers a half unit larger than the true 7 values for 
levels of even multiplicities are used. 


TABLE 5.—Relative terms in the Yt I spectrum 





| j ! 
Term| Level | Ay | Combinations | Term Level f Combinations 
| i 


PU eT een een Cee ee Seto TMT eee: = pcs Sewreeers, Seaeeeeres 
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| >, | , , 1 
fener wie | ors | ager] [mR eR, Ds a 
530.5} Ser Bay aK wiF |! aay’, | 16,066.0 ED. BF, OF, ef, 
| 2P, yP,’ 2D’," ’ Bios 
xD’, 2K, y*F, 2G’, 1 | 16, 435.8 


| 
~~ (aS, 689, 18, DIP’, cP’, 16, 597. er er, SD, 
, 529. 
| wos | 


11, 359.7 


aiD, &D, dD, &D, wR’, oct Bip oP 
4 , 4 ’ , ' ’ 
bP’, cP’, atD, a’D, » | 16, 816.6 SD oD’ Go. 





b¢F’?, (13), (22,1). 

| } 4 17, 116.3 

10, 937. 4 
141.2 || 18, 512. 4 

11, 078. 6 yP, yD’, yF, 2G’, 2 | 

199. z'D’, w?D’, y*F, 2°F, 18, 499. : | 

| 

| 

| 

} 

| 

| 








| 20F, wF, oF, 20’, 
| y'Q’, 2H, y'F: 

11, 278. 0 2G’. 
18, 976.3 
OP’, cP’, dP’, aD, 
i ob, aD, 0'P” > , oD, 
} e’D, eD, 


11, 532. 1 
19, 027. 


5 
19, 148.0 
» OF, OF, aa, 1 | 19, 237.7 


14, 949. 0 


-o| Slip, oD, e&D, aD, 
15, 245.8 be 


i bP’, cP’, a®D, c?D 
15, 712. 4 2? ganas Pllags g 

@D, (3). a | 19, 406.1 
16, 234. 5 


15, 221.7 
15, 329. 0 





i) 
r z’*D’, v?D’. 





21, 528. 6 
8’, w'P, wD’, xD’, 21, 915. 4 
24G’, w?P, z?D wD” 

z'F, 2’, ya’. 2 | 24,131.2 


24, 746.6 


zz aD, ctF’, asF’?, (li) 


aD, dD. 


jon, eD, dD, &D, 
15, 476.7 | 
} 


15, 326. 8 | 


aF, wil, 2G’, ya", 24, 518.8 
yP, gD’, 2D’, 7 \atD, atF’, (12). 
y'F?, 2G’. 24, 899. 5 | 


iP, wiP, 2D’, wid’, || 24, 698. 8 
ziF, wk, v'F?, 20” 2 os wD, @D, (22, 1). 
yO’, yP, yD’, 1D” 24, 480.6 | | 


15, 864. 4 


15, 994.0 
16, 158.8 
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TaBLE 5.—Relative terms in the Yt I spectrum—Continued 


i : 
Term| Level ay | Combinations | Term | Level Combinations 
' 





| 
27, 824. 5 | 35, 816.7 


315.1 ilar, bD. a?F’. | 
28, 139. mm a6. la‘P’, eP’, aD, OD, 


aD, atF’, ag Pe ‘ 
, | @Ds; 36, 420. ! 5 \2P, yP, 2D’, yD’, 
36, 431. | oF, s¥. 





148.3 


>s 
28, 694 36, 061. | oP". 
| 28, 988. a‘P’, a‘F’, ar’, oF’, | 36, 361. ¢ 
36, 452. ¢ larD, beD, a°F’, aiP’, 
36, 618. Bok 


193.3 |\zD’, 2F, 2*P?, 2!D’. 
29, 613. 6 36, 750. a‘P’, a?D, a?F’, 


229.0 | 
29, 842. 6 37, 039. 
i / A 

31, 508. 37, 148. pa a‘F’, aD, 
31, 680. ak’, &F’, oF’, aD, 37, 476. 
31, 909. $ ak’?, at. | 37, 279, 
Pers pa’, &D, a'P’, 
32, 188. 37, 243.7 | 

; 31, 671. 6 ; 37, 412.9 

rab, 6D, a?F’, aG, 

wp’, | 31,977.5 37, 619. 8 

2 


bP’, | 32, 091. 2‘P, 2'P. 37, 588. 4 
ag, 


) 

4 

bP’, | 32, 366. ¢ 37, 967. 2 i} 
| 

aD; | 33, 148. 38, 469. 9 | 


a‘D; | 33, 237. 38, 543. 7 
2P, 2D’, 2F, 2?P, 2D’. 
aiDs 33, 411. & 38, 675. 4 


2iP, 24D’, z1F, 22D’. 


aD, | 33,7527 38, 865. 6 
yD’; | 33, 215. i 38, 479. 0 leD, 8D, aF’, a?G, 
WD's | 83, 265, oP’, aE’, aD, 38, 596.7 bits 
yD’, | 33, 357.6 ak”, 38, 635. 6 | 
33, 614. £ ; 38, 762. 0 Ri oS out 
33,432.3 lam, wD, alk’, 38, 949. 3 | 
33,7888] || oP’, ath’. 39, 223. 0 } 


33,6082] |g |leD, oD, oF, mueene ] 
34, 029. | 39, 565. 0 

| : 
33, 613. 39, 757. 8 
229. 1 \2P,. 2D’, 2P?, : | 
33, 842. : } , 
33, 906. 8 ler wD, &D, atk’ | 

340. 9 a ‘es a ? ’ ’ 

34, 247.7 j at’, atk”, ’ 2D’. 





| aD’, aF 2?D’, 2iF. 
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33, 911. 





34, 155. 


2P, 2D’, 2P, 24D’. 
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40, 672. 4 | } 
34, 231, 42, 655. 8 | 

26. 2 jap, aD oF, 2P, | | 414.0 |}22P, 2?F?, 2¢P. 
34, 257. 4 i » #P. 43, 069. 8 
34, 438. 2 | | ap’, 42, 685. 5 | 2p, y®P. 


34, 521. 4 
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4.3 | 
| 
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| | | 
Term | Level | } }| Term Level | Av Combinations 


| 


e’F; | 42,857. aD; | 44, 660.2 | 
} 88. 1 
vF, 42, 994. 8 | aD, | 44, 748.3 
aP, oF, 2P, 2D’, xy 
diF’» 43, 095.7 | | aD; 45, 008, 3 
G's | 43,337.5[ lp’, 2tF, yfF, 2G’, @D, | 45, 204.0 
| 366. 9 } 2D’, 2F? 
| Ah fehl fF’, | 44, 742.6? 
486.1 | 
dF’; | 44, 190. | SF’; | 45, 069.3 
cS; | 43, 643. 27P, iF’, 45, 388. 5 
er’, | (F's | 45, 796.5 
eff’; | 44, 053. 0? cP’; 


etF’; 44, 365. 7 cP’, 


a‘F’, | 43, 704.4 | 





. ie. 2D’, 24D’, 2F. 


eF’s eP", 


aD, e’P’s y'P, 4D’. 


cD eP’; 
<i aF, 
} 


j 
cD; 44, 655. 0 I; 37, 074. 2P, 2F, y’F. 








cD, | 44,9221 22,1 44, 984. 2P, y!P. 








| 34 45, 663. 2D’, 21D’, 21F. 














The terms and combinations are represented diagramatically in 
ligures 2 and 3, where black dots represent doublet terms and circles 
quartet terms. Full lines represent doublet-doublet combinations 
and quartet-quartet, and broken lines doublet-quartet combinations. 
These diagrams are again very similar to those for scandium. 

In Table 6 complete details for all classified Yt arc lines are given 
in the same arrangement and with the same notation as in Table 4. 
Most of the lines are taken from Meggers’s™ paper, but it appears 
that the 220-volt arc employed for these measurements produced a 
- large percentage of ionized atoms and on this account failed to generate 
the fainter arc lines with appreciable intensity. The list is there- 
fore supplemented by faint lines from Eder’s list (labeled E), some 
from Exner and Haschek’s table (E and H), and a number which were 
found and measured by one of us (HNR) on the spectrograms made by 
King and Carter (loc. cit.). All of these are in good agreement with 
the combinations of well-established terms and may, therefore, be 
regarded as true arc lines of yttrium. The line 5556.43 A, classified 
as 2‘F;-a*D,., is abnormally strong in the furnace spectrum and is 
given by King and Carter as of Class IA. The arc line agrees both in 
intensity and position with the assigned place in the multiplet. If 
the furnace line is due to yttrium, it indicates the existence of a 





8 Meggers, B. S. Jour. Research, 1 (RP 12), p. 319; 1928. 
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The discordance between observed and calculated Zeeman effects 
for 3 lines, 4484, 5424, and 5468 A, casts doubt upon the reliability 


of the observations in these 3 cases. 
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The stronger arc lines of yttrium which remain unclassified ary 


of the spectrum, and almost all of them are weak. Only one line 
(3587.75 A) reaches the intensity 20 on King’s scale or 5 on Meggers’s. 








listed in Table 7. 
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TaBLE 6.—Classified lines of Yt I 
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TaBLE 6.—Classified lines of Yt I—Continued 
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Intensity | Intensity 
M Class K 


Calculated 





| 

z1Fs-c'D, 
2D’y-f*F’s | (0.00) 1.15 (0. 12) 1.17 Alur 
2*D's-f'F"’ 
24D’ 4-(34 
24Fy-d'F’; 


2*D’:-f'F’s 
ziF3-d‘F%, (—) 1.50 A? (0. 20) 1. 50 A? ur 
a’D;-2'G", 
z‘F;-d‘F’; 
21D’ \-f*F 2? 
2*D'4-f*F"s 


.4 | 24D’s-ftF’; 
8 III? , 24Fo-d'F’; 
401 @D:-2'P; (0. 80) 0. 45, (0. 27, 0.80) 
1. 00, 1. 54 0.53, 1.06, 1.60 
2F3-d'F’; 


2Fy-d‘F’, | (—) 1.22 (0. 00) 1. 24 


z‘F5-d‘F’s | (—) 1.30 (0. 00) 1. 33 
z*F3-d'F’; 
z4D’s-c!D; 
aD2-2z'?P; (0. 00) 0. 84 (0. 07) 0. 73, 0. 87 | 
24D'-c'D, 


2iFt-diP’, 
a’D;-2'P» (0.00) 1.10 A! | (0. i 1,10 A'ur| —1 
z1Fs-d'F’, | (—) 1.39 (0. 12) 1.50 A? ur; lm 
21D’3-d‘F’; 
2*D’¢-dtF"s 


2!D’s-d‘F’, 
0° D:-0?F3? 

24*D’;-dtF’; 
z4D’;-d'F’2 
atF’3-y'P; 

2?P2-(13) 


| z4P;-d*D, 
z*Po-d'D; 


sve Oe CW bh MOR DO 


511 
10 11 


12 III 
5? III? 


200 IT 


s 


BEe Bi 





& 
_ 


tom toc wh 


8 


3,618. 78 
20. 95 
8, 639. 28 
65. 75 
3, 692. 53 
3, 718. 12 
21. 40 
38. 62 
49. 89 | 
3, 787. 16 | 


3, 887. 76 


400 II 


8 II 
5IV 
4 III 


BS 
BEa R58 


oD PAMOON FOWO*I CONWO REW+I0 O41 





toh wr CO tt mt Gm ms 


8 
Sh 
xs 


& 
~I 
— 
— 


spice) 
§ S58e 


—~ 





(0. 10) 1.10 A! ur 


& 


a?F’.-0?D’s : (0. 06) 1.07 A! ur 
a@’D2:-y?D’s . (0. 30) 1.50 A? ur| —1m 
a?D2-yP, 00) 0. (0. 07) 0.73, 0.87; ON 
a’Dr-yFs | (0.00) 1. (0.04) 0.90'A? ur| 1Ndm | 
ziF2-c'F’ 


aGs-v Fy 
a’?D2-y'P2 


a@D3-y?F, 
a’?QGy-v'Fs 
24F3-c1F’; 
| a@2D3-y?D’s 
| a@De:-y?D"s 
| 24 y-ctF’s 
z*P:-e’D; 

0. 86) 


’ : 1, 0. 86 
a’D3-y°F3 q . 34, , 1,03, 


tb 
a 


= 





09 G0 be 
s 


a’D;-y'Pa (0.00) 1.10 A! | (0,10)1.10 At ur 
z4Fy-ctF’; 
24F s-ctF’s 
2F20'!Ds | 
2P;-c’D, | (—) 1.06 (0. 07) 0. 73, 0, 87, 


24F2-a'G; (w?) 1.03 B? | (0.18) 0.70 A? ur 
z4*D’s-d'P’s | 
22P\-c!P’2 | 
24F3-b'D, 
a’D;s-y’D's 


























Analysis of Yttriwm Spectra 753 


Apr, 1989] 


TABLE 6.—Classified lines of Yt I—Continued 
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TaBLE 6.—Classified lines of Yt I—Continued 
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TaBLe 6.—Classified lines of Yt I—Continued 
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TaBLE 6.—Classified lines of Yt 1—Continued 
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Unclassified lines of Yt I 
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Vv. THEORETICAL INTERPRETATION OF THE SPARK 
SPECTRA AND COMPARISON WITH SCANDIUM 


In our paper on scandium spectra we gave a summary of the theo- 
retical advances which correlate the observed spectral terms with 
the electron configurations in the atoms producing them. There is 
no necessity for repeating this, especially since the subject has since 
been discussed in detail in Hund’s notable monograph. 

A, Yt III. The relatively simple spectrum of doubly ionized 
yttrium has already been discussed; there is only one valency clec- 
tron, and its various orbits are responsible for the doublet terms as 
in the are spectrum of an alkali. Analysis of the Yt III spectrum 
shows that the 4d orbit is most firmly bound, 5s, 5p, and 4f being next 
in order. 


A comparison of Yt III and Se III ” is given in Table 8. 


TaBLE 8.—Comparison of Yt III and Se III 
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The corresponding terms in scandium have total quantum numbers 
smaller by one unit. The difference of binding for the lowest d and s 
electrons is less for Yt III than for Sec III. The higher s-electron is 
more firmly bound than the d in both cases. 

B. Yt Il. The singly ionized yttrium atom has two valency elec- 
trons, and the spectral terms (atomic energy states) corresponding to 
their various configurations are readily obtained by adding an electron 
to the lower electron configurations of Yt*t. The addition of a 5s 
electron to the normal 4d state should give the terms *D and 'D; that 
of a 4d electron to the same state produces °F’, *P’, 'G, 'D, 'S, while 
adding a 5s electron to one already present gives 'S alone. These 
terms account completely for the observed terms of the low set 
(leaving one 'S term to be discovered). Since their configurations 
contain no p or f electrons, these terms are all “‘even”’ and do not 
combine among themselves. The addition of a 5p electron to the 
4d and 5s states of Yt*+ gives the middle set of terms, exactly as 
observed, which are ‘‘odd” and combine with the lowest terms and 
also with the higher “‘even’”’ terms arising from several configurations. 





” Russell and Lang, Astrophys J., 66, p. 20; 1927. 
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Table 9 gives the predicted terms corresponding to each configurs. 
tion and the observed terms with which they have been identified 
and also a comparison with Sc II similar to that made for Sc II] 
The identification of the lower and middle levels is obvious—the wide 
separation of 2#P showing that it belongs to the sp configuration, 
Among the higher terms the pentads coming from 4d.5d are recov. 
nizable by the strength of their combinations and the relative inten. 
sities of the different multiplets. The terms 6°D, c'D, and c'S ap 
determined by the series relations discussed below; a°S and d'D ay 
placed because of the strength of their combinations with 2‘P (sy) 
and also by the narrow separation of the latter which belongs to , 
series converging toward the single limit 5°S of Yt III. The wid 
separation of 6°P’, as well as its high level, assigns it to (5p), and the 
term /'D is too high to belong to any but this configuration. The 
assignment of e'D is uncertain, but it fits in well where it is placed. 


TABLE 9.—Predicied and observed terms in the Yt II spectrum 





| 1 


| j } | | 
Electron} Pre- | : | Ratio of 
configu- | dicted | Pumas so | es + | ¥t II-Se II | separation | 
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1G 63, 350. 
1F’ 58, 533. 
iD | 60, 535. 
ip’ | 59, 715.4 
189 $ | 59, 615. 8? 


sp’ | 59, 669. 6 
fD | 70, 223. 2 
ig ? | 
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§KOCNK Eee NO CF w+ 




















The comparison of the levels and separations with those in Se Il 
is of much interest. The separations are always much wider a 
Yt II, the mean of 13 ratios being 3.54 as against 3.78 for Yt Ill 
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compared with Se III. In comparing the levels it should be remem- 
bered that they are measured from different origins 'S, for Yt II 
and °D, for Se II. In discussing them it will be well to use similar 
origins, which may be done by subtracting 1,272 from the tabular 
values, so that the *D; levels agree. The mean differences in level 
for the various electron configurations are then found to be: 





Configu- | Difference | Number | Configu- Difference | foe 
ration | YtII-ScIl| of cases na] ration | Yt Ii-Se Il of cases 





| 
wits 
32 s | } a —1, 480 


7 | 

aeigt| 

sp dp | —969 6 | 
d's -3,584 | 12 
lita "8 


pt 
ds d-d 








|} —2,411 
| 


ithe team ods tit denote contigurations with mean 1h sivas auch b dhomdeat difference ae 
to make its reality very doubtful. 

For the configurations which contain a d-electron the relative 
levels are much the same in Sct and Yt* except that those involving 
an excited electron are a little lower in the latter because of the greater 
ease of ionization. Those configurations which do not contain a 

d-clectron are very much lower in Yt*. This is obviously a con- 
| sequence of the fact that the s and :p states of Yt**, from which these 
configurations are derived, are lower compared with the d state 
than in Sc**. The differences in the two first spark spectra, which 
| involves a change in the nature of the normal terms or states of the 
ions, could, therefore, have been predicted from the second spark 
spectra. 


VI. A NOTE ON Sc II 


The considerations just developed have led to a change in one of 
the conclusions expressed in our previous paper regarding the inter- 
pretation of the terms of Sc Il. The term a'S, at the level 11,736.35 
vas then attributed to the configuration (3d)?, while the similar 
term arising from (4s)? was not found. The 'P term from 4s4p was 
also missing. Comparison with yttrium suggests that the observed 
| 'S term belongs to the s? configuration and is homologous with the 
lowest energy level of Yt II. If so, it should give a strong combi- 

nation with the term 'P (sp). This term has now been identified at 
B the level 55,715.52; it combines with a'S, and b'D to give the one 
remaining strong spark line (2273 A) and a faint one recorded by 
Exner and Haschek, as follows: 





Terms ly calculated | » observed | d observed Intensity | 





| 
DIP, | 55,715.52 | | 
a'Sq | 11,736.35 | 43,979.17 | 43,979.17 | 2,273.10 | 

| 


b'D, 10, 944. 51 44, 771.0 44,769.7 | 2,232.96 


| 
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For the stronger line Exner and Haschek’s wave length is 0.08 4 
greater than Meggers’s. If a corresponding correction is applied to 
the fainter line, the agreement with the computed position is exact, 
These terms have been used in calculating the differences entered jy 
the appropriate places in Table 9. 

It is now clear that the Sc II and Yt II spectra are exactly anal. 
gous; every line in the first has its correlative in the second. The 
only difference in the observed spectra is found in the apparent 
absence in Sc II of the terms coming from the configuration s-s and 
s-d. These terms are already high in Yt II, and should be fully 
12,000 frequency units higher in Se II; their combinations will be 
faint and far in the ultra-violet. 


VII. INTERPRETATION OF THE TERMS OF Yt I 


The presence of three electrons in neutral yttrium atoms greatly 
increases the nuinber of possible terms and thus accounts for the greater 
complexity of this spectrum. The possible electron configurations 
and corresponding terms are tabulated in Table 10, where a sun- 
mary of the observed terms, their main levels and leyel separations, 
are also given. In cases where the assignment is uncertain the ob- 
served term is preceded by a question mark. The comparison 
with the levels and separations in Sc I is made as before. A few 
terms which were not found in the Sc I spectrum have been identified 
in the Yt I spectrum, and vice versa, but in general there is a remark- 
ably close correspondence of the terms of the two spectra. 

The interpretation of the low even levels is simple. The d* 
configuration gives the*normal state, a?D,, while d’s gives ‘F’, ‘P’, 
2D, *F’, *P’ and a higher *D. The *S term which should be produced 
by this configuration has not been identified. The same is tru 
for Se I. 

The middle terms are also easy to classify. Most of them shoul! 
be arranged in triads, combining strongly with one of the low terms, 
and all these triads are clearly present, except for the ?P term con- 
bining with a’P’. The configuration s’p should give an isolated ‘? 
term, which we may expect to be low (since no d electron is involved 
and of wide separation. This is evidently 2’P. All the odd terms 
are now accounted for. 
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TasLe 10.—Predicted and observed terms in the Yt I spectrum 





— " d it. TON eee 
| | 
Electron Predicted |Observed 
configuration | terms terms 


Ratio of | 
Main level Yt I-Se I | separations 
| YtI/Sel | 


aD; 530. 5 530. 5 -362 3. 16 


atF’s 11, 532.1 | 254.1, 199.4, 141.2 5 | 3.78 
atP’; 15,476.7 | 147.7, 107.3 


aGs 18, 499. —13.2 
ar’, 15, 864. 537.6 
Ds 16, 158. 164.8 
a?p’ 19, 406. 168.4 


AE's 29, 842.6 | 229.0, 193.3, 148.3 
bP’; 32, 366.3 | 275.3, 113.5 











11, 359.7 | 830.5 


16, 234.5 | 522.1, 466.6, 206.8 
17, 116.3 | 299.7, 219.3, 161.5 
19, 148.0 | 120.5, 51.2 


386.8 
—80.1 
—218.2 


| 380.7 
615.4 
315.1 


456.2, 375.3, 294.9 
278.9, 229.2, 171.6 
256.9, 92.3, 49.9 


| 
| 
| 
| 300.3, —74.7, 319.0 | 
327.5, 109.0 | 

| 





379.0 28; 3.95 
117.7 : 3. 83 
42,994.8 | 136.9 (17. 3) 
33, 788.8 | 356.5 3. 74 
34, 029. 421.6 75 3. 38 
34, 247. 340.9 3.70 
37, 619.8 | 206.9 (?) 
36, 618. £ 166.2 (1. 57) 
37, 243. —35.6 ' (0. 91) 
40, 672. 36.1 


34, 438. 3 


31, 671. 
43, 643. 
43, 069. 





341.2, 173.7, 89.5 
10.5 














58.44.78 267.1 
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| 
Electron Predicted /|Observed : - , . | 
configuration terms | terms Main level| Level separations Yt I-Sel 4 





(4d) 2.63 e1F’s 44, 759. 393.9, 312.7? ? +2, 675 
PeiP’s 50, 254. F 


283.7, 187.3, 126.4 

206.0, 192.8, 118.7 
190.2, 131.7, 73.8 
62.0, ? 





| 2p’ 
j 1S 


| «pr cP’ 34, 521.2 | 365.4, 244.3 


2D 2c°D3 34, 257. 26.2 

| 2p’ 2b?P’s 33, 842.3 | 229.1 

| 3g 26°81 42, 685. 

4d.(5p)? | 4F’ fik’s 45, 796.5 | 408.0, 319.2, 326.7? 

| ‘D aD, 45, 204.0 | 195.7, 260.0, 88.1 

| 4p 

| 2p 

| 2p’, 2D, 2F’ ?c?P’s 45, 994.0 

| 28, 2P’, 2D 
| *F’, 2G’ 


‘p’, 4D, 4F’ ?dtF’s 44,190.5 | 486.1, 366.9, 241.8 
4G, 4H’, 4P’ 
4D, ‘F’ 


2D, 2F’, 2G 
| ayy’, ay,"apy 
| 2D, 2F’, 2G 
2H’, 2g, ap? 
2D, ?F’, 2G 
2p’, 2p); 1R” 
2D 


























Among the high quartet terms those from the configurations ds.6s 
and ds.5d are clearly recognizable by their strong combinations wit! 
the dsp triad. The terms arising from ds.7s and d?.6s have bee 
identified by series relations; they give very faint lines, and some of 
the component levels have not been detected. The high term <7’, 
which combines with the d*p terms to give fairly strong lines in the 
deep red may be assigned to d’.5d, though it lies lower than might 
have been expected. The other terms of this pentad probably give 
lines in the infra-red. The only other configurations which can giv? 
terms near the observed level are sp? and dp*. The former gives ‘? 
which should be relatively low since the configuration contains 10 / 
electron. This fits c‘P’. The latter gives ‘F’, ‘D, *P’, and ‘I aul 
d‘D may be placed here. All the quartet terms are now identified. 
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The higher terms of the doublet system are much less fully de- 
veloped (as usually happens with the lower multiplicity). The term 
@D, which combines with the dsp triad, may be assigned to ds.6s; 
its separation is much smaller than should be expected, but the com- 
binations appear to assure this interpretation. The configuration 
ds.hd probably gives lines just outside the limit of observation in the 
red. The remaining terms combine most strongly with z’P; three of 
them, aS, 6’P’, c?D, are confirmed by Zeeman patterns. The high 
term c?P’ combines strongly with z*D’ (dsp). The remaining levels, 
though undoubtedly real, are close enough together to make it dif- 
ficult to arrange them into terms. The isolated lines 3252.28 A, 
9152.67 A and 3091.70 A give evidence by their behavior in the fur- 
nace that they originate from the z2’P level, but, in the absence of 
Zeeman effects, they can not be certainly classified. 

The configurations which should combine strongly with s’p are 
ss, giving *S, s*d ?D), and sp? ?P’, 7D, *S). The term aS may be 
assigned with confidence to s*-6s. The level here called c?S may be 
in series with it though the corresponding lines are stronger than 
might be anticipated, and are inverted in intensity. 

The assignment of the remaining levels is not so easy. There are 
two °P’ terms where only one is to be anticipated. The second must 
come from dp*. A “double jump” is involved, but this sometimes 
vives strong lines. The dp* and sp* configurations should give 
stronger combinations with dsp than s’s or s*d, thus indicating that 
“D and c?P’ come from these configurations. The latter lies sur- 
prsingly high, but the 'P (sp) term in Yt II is also high. On the 
ther hand, one would not expect a term from dp’ to lie nearly as low 
as b*P’. The lower term has, therefore, been provisionally assigned 
to sp’, and the higher to dp’. The other levels have been tentatively 
erranged into the terms e?D, 6S, and cS, and assigned to s*d, sp’, 
und s*.7s; but these assignments are subject to correction when 

eeman data for the particular lines in question become available. 

The intensities of the various combinations are shown in summary 
fashion in Table 11, which gives the values on Meggers’s scale (except 
those in parenthesis) for the strongest line in each multiplet. The 
etter a denotes that the multiplet is absent, 2, that it lies in the in- 
ira-red, and w that it is in the ultra-violet. The large number of 
predicted infra-red lines is noteworthy; some of them should be 
ery strong, 
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TABLE 11.—Intensities of strongest lines in Yt I multiplets 


QUARTET SYSTEM 





dp 





2F | z 2G’ y'F | y‘D’ x‘D’ 
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Table 10 shows the predicted and observed terms and a cvll- 
parison with the levels and separations of the corresponding term 
in scandium. The arc spectra of the two elements are almost « 
much alike as the others. The levels are nearly the same except thi! 
the d@ and sp configurations lie lower in yttrium. The ratio of the 
separations is less regular than in the spark spectra, especially fo! 
some of the terms which go to singlet terms in the spark as limits 
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If the ratios given in parenthesis in Table 10 are excluded, the mean 
for the rest is 3.74—nearly the same as for the higherstates of ioniza- 


tion. 
VII. IONIZATION POTENTIALS OF YTTRIUM ATOMS 


The first two members of series have been identified in the spec- 
irum of yttrium in all three degrees of ionization, and the ionization 
potentials for three different yttrium atoms, Yt, Yt*, Yt**, may thus be 
determined, 

1. For Yt III the application of a simple Rydberg formula to the 
5S and 6S terms gives an ionization potential of 20.79 volts for the 
normal state 4*7D,. Bowen and Millikan’s value of 20.41 volts, 
which is derived from the value of the 4F term estimated by compar- 
ison with Rb I and Sr II, should be much more accurate. If the 
result of the Rydberg formula is corrected by the empirical method 
suggested by one of us,” it becomes 20.63 volts—still too high. There 
is other evidence that this correction which holds good for the first 
long period of elements should roughly be doubled for the second. 
A Rydberg formula applied to the *D and °D terms gives 21.79 volts— 
much too high, as usual. 

2. In Yt II, according to the analysis already made, the terms 
iD, c'D, and c'S are in series with the low terms a*D, a'D, and a'S, 
respectively, since they result from the latter when an electron is 
shifted from a 5s to a 6s state. Applying the Rydberg formula to the 
various components of these terms, we find the term values given 
below. These represent the interval between the term component in 
uestion and the limit of the series to which each belongs. In order to 
find the position of the series limit relative to the lowest energy state 
of Yt*, the observed term values relative to this state must be added. 
According to Hund’s theory, *D; and 'D, converge to 7D; in Yt III 
as a limit, and *D,. and *D, to *D2. To find the difference between 
the lowest energy levels of the singly and doubly ionized atom, 
we must, therefore, subtract the difference 7D;—*D,=725, from the 
sum found in the first two cases and *S,—*D,=7,466 from the limit 
of the 'S series. 





Ds 1Ds 





Levels above 1S cyt my{(s} ‘snl: aia eae ie 58 Ps +44 Pr = 
99, 711 97, 443 | 
45, 724 45, 014 | 


100, 756 100, 739 | 
0 0 725 


| 100, 756 100, 014 | 
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The five determinations agree excellently. In particular, the dis 
tribution of the components of the *D term between the limits oj. 
dently agrees with Hund’s predictions. The mean of the five de 
terminations is 101,017, corresponding to an ionization potential 9 
12.47 volts. Applying the doubled empirical correction mentione 
above, this is reduced to 98,720 (12.11 volts). The round numbe 
100,000, or an ionization potential of 12.3 volts, is probably ver 
near the truth. 

3. In Yt I, dD is in series with a?D and d‘*D with a‘D (both cop. 
verging to a*D in Yt II); e*F’ with a‘F’ (limit a°F’); e*P’ with ap’ 
(limit a°P’); and c*S with a’S (limit a'S). Treating the component 
of these terms as before, we find— 





2Ds 2Ds | iD, ‘Ds ‘F's ° ‘F's 


ee " {530 0 | 33, 752 | 33,411 | 11, 532 11, 079 
Levels above *Da (Yt 1) 136,431 | 36,421 | 44,922 | 44,655 | 44, 760 | 44, 366 | 44,053 








ads 54, 690 | 55,340 | 21,498 | 21,610 | 51,325 | 51, 148 | 51,079 
Distances to limit (i 789 18, 929 | 10, 328 | 10,366 | 18,097 | 18,060 | 18, 045 


5 beads phana ti (55,220 | 55,340 | 55,250 | 55,021 | 62,857 | 62,426 | 62, 158 
4 above *D2 \ 1,450] 1,045] 1,450] 1,045 | 8,743} 8,328] 8,003 


a!So—a?Ds 53,770 | 54,295 | 53,800 | 53,976 | 54,114 | 54,098 | 54, 155 
































The general agreement is again good, though the two components 
of the *D term are rather discordant. The mean of the nine values 
is 54,127, corresponding to an ionization potential of 6.68 volts 
Applying the appropriate correction reduces this to 6.5 volts, and 
this is probably very close to the actual ionization potential of neutral 


yttrium atoms. 
IX. YTTRIUM IN THE SUN 


The evidence for the existence of both neutral and ionized yttriw 
in the sun’s atmosphere is conclusive, but the two sets of lines behave 
very differently. 

The enhanced lines are well represented. Of those which ans 
(in absorption) from the low levels, a'S, a°D, a'D, all but the faintet, 
including many intercombinations, are present or else masked by 
lines of other elements. The strongest lines reach the intensity 3 of 
Rowland’s scale. The next level a*F’ gives liaes of maximum I 
tensity 2; the higher levels a*P’, 6'D, a'G, none exceeding intensity 
0, but all except the fainter lines are either present in the sun 
masked. The lines which arise from transitions between the middl 
and higher terms and are faint in the arc are almost absent from the 
solar spectrum; the strongest of all, 2F.-a°G,; (3173.07 A), show 
no trace, but #F.—b*D; (3668.50 A) is faintly present. 

In the spot spectrum the lines arising from the three lowest level 
are very little affected, being, perhaps, slightly weakened, Thos 
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coming from a*F’ are decidedly weakened by a unit of Rowland’s 
scale, and the faint lines from a*P’ and 6'D are practically obliterated. 

The are lines are at best very faint in the spectrum cf the sun’s 
disk, but are strengthened to a remarkable degree in the spots. Of 
the multiplets arising from the low term a’D the stronger lines are 
present or masked in the Fraunhofer spectrum, but the strongest of 
all, 22D,-y’F , (4102.38 A), is only of intensity 0. In the spot spec- 
trum these lines are greatly strengthened, the change increasing 
from two of Rowland’s units in the violet to about five in the red. 
Many of the fainter satellites and intercombinations which are 
absent from the ordinary solar spectrum appear in that of the spots. 

For the next level a‘*F’ the strong “diagonal” lines of the two 
principal multiplets, when not masked by other lines, are very feebly 
present (with maximum intensity—2) and are moderately strength- 
ened in the spots by about one unit. The weaker lines are absent, 
even in the spots. About 20 other lines arising from this and from 
higher levels are attributed to yttrium in the solar spectrum tables. 
The low-temperature line 5556.43 A is strengthened in the spots, 
and may really belong to Yt I. Not one of the others is strength- 
ened, and it is therefore practically certain that the solar lines are of 
other origin and the agreement in wave length with yttrium lines is 
accidental. 

The data on yttrium lines identified with solar spectrum lines may 
be summarized as follows: 








| Yer | Yell | 


a es aS 








Present in spots only Doubtful 

Unblended - +2 hee 
Blended with weaker lines 7 || Not due to yttrium 

Masked by other lines_--........- 





This behavior is exactly what should be expected of an element of 
moderate abundance and easy ionization. Over the disk almost all 
the atoms are ionized, and the arc lines are very faint. Over the 
spots the percentage of ionization, though diminished, is still large, 
so that the are lines gain much more in proportion than the enhanced 
lines lose. The lowered temperature diminishes the relative number 
of atoms in excited states of higher energy, so that the lines absorbed 
by such atoms weaken, relatively to those arising from the normal 
state, for both the neutral and ionized atoms. 


WasHINGTON AND PRINCETON, October 25. 1928. 
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THE PRECISE MEASUREMENT OF X-RAY DOSAGE ' 


By Lauriston S. Taylor 


ABSTRACT 


A comparison of the unit of X-ray dosage was made by Behnken and showed a 
variation of 4 per cent between various laboratories. For the purpose of defini- 
tion and constancy a well controlled direct-current voltage source is provided 
for the X-ray tube. Using this, a comparison was made between the various 
methods using the same equipment for all. A large parallel plate ionization 
chamber was used to measure the r unit as defined by international agreement. 
The discrepancies were found to be due to the electrostatic field distortion 
introduced by the various ionization current measuring devices. For the purpose 
of measuring r precisely a null method is used and described. Sources of error 
are discussed and their probable magnitude indicated in certain cases. Under 
known conditions the difference between Behnken’s and Glasser’s determina- 
tion has been duplicated in order of magnitude and in direction. A complete 
description of the Bureau of Standards equipment for the standard measurement 
of Réntgen dosage is given. 


CONTENTS 


I. Introduction 

I]. X-ray generating equipment 
III. Ionization measuring system 
IV. Results 


I, INTRODUCTION 


With the increase in the use of X radiation in medical therapy it 
has become more important to be able to express with some exactitude 
the actual amount of radiation being received by a patient. It is 
also necessary that this quantity be expressed in a common unit 
which is readily reproduced and in which there is no ambiguity. 

In practice there are three distinct operations necessary in order 
to describe the radiation at a given location. (1) The measurement 
of the radiation intensity by means of a dosage meter. (2) the cali- 
bration of the dosage meter against a standard which measures the 
unit of X radiation exactly. (3) A determination of the wave-length 





' Read before the Radiological Society of North America, Dec. 5, 1928. 
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distribution of the total radiation. It is with the second part that the 
Bureau of Standards is particularly interested and more especially 
with the exact measurement of the unit which was defined at th 
Second International Congress of Radiology at Stockholm, July. 
1928, as follows: * * * “the quantity of radiation which, whey 
the secondary electrons are fully utilized and the wall effect of the 
chamber is avoided, produces in one cubic centimeter of atmospheri: 
air at 0° C. and 76 cm mercury pressure such a degree of conductivity 
that one electrostatic unit of charge is measured at saturation cu. 
rent.” This unit is called the “Réntgen” and is designated by 
small ‘‘r.”’ 

In a recent paper Behnken’ gives the results of his comparison 
of the unit between the laboratories of Grebe, Kiistner, Holthusea, 
Duane, Glasser, and the Physikalisch Technischen-Reichsanstualt, 
According to his measurements there is a discrepancy of about 4 
per cent between various laboratories. No explanation for these 
differences has been given, and it is assumed that they are traceable 
to experimental error. However, as a result of some prelirinary 
measurements made at the Bureau of Standards with the cooper- 
tion of Doctor Behnken, it was evident that improper electrostatic 
field conditions within the ionization chamber could account for at 
least some of the variation. To test this, a single ionization chamber 
was used under the same X-ray conditions but with various combi- 
nations of potentials applied to the plates as shown below. 


II. X-RAY GENERATING EQUIPMENT 


During the above-mentioned comparisons of Behnken it was den- 
onstrated very clearly at the Bureau of Standards that, from the 
point of view of regularity of action, a mechanically rectified system 
was unsuited to precise X-ray measurements. 

The wave-length energy distribution in the X-ray continuous 
spectrum excited by constant voltage can be expressed mathemati- 
cally * and can be determined experimentally with fair precision ‘ as 
a function of the X-ray tube voltage and other factors, such as 
target material, etc. The total energy varies approximately as the 
square of the voltage. Consequently, with a tube potential fluctu- 
ating in an uncertain manner—as the mechanical rectified case—the 
energy distribution with time becomes uncertain; and, due to the 
shifting of the short wave length cut-off voltage, the quality is uncer 
tain, since the spectral range is constantly shifting. As a result ii 
was decided to use a kenetron rectified direct current source of high 
potential in which the voltage fluctuation or ripple was a minimum. 





2? H. Behnken, Strahlentherapie, 29, p. 192; 1928. 
* H. Behnken, Zeit. fur Phys., 4, p. 241; 1921. 
‘T. Ulrey, Phys. Rev., 11, p. 401; 1918 
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Thus there is a constant energy distribution and constant quantum 
cut-off within narrow limits. 

This must not be confused with the medical application, for 
Coolidge has shown ° that for the requirements of medical treatment 
the direct and alternating high voltage source are about equally 
effective. 

The circuit used is of the Hull ® and Webster and Henning’ type 
shown in Figure 1. The main transformer 7’, has one end of the 
secondary S grounded. ‘The other end goes to the cathode and anode, 
respectively, of two 250,000-volt kenetrons of the newest type. The 
filament current for these is supplied by separate insulation trans- 
formers 77>. The condensers C, and (, are of the Meirowsky Pertinax 
type in single units of 0.05 uf each, thus avoiding the difficulty of 
series condensers. The two chokes L, L, have 12,000 henrys induc- 
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Fig. 1.—Diagram of X-ray generating system showing controls 


tance and are wound on closed iron cores immersed in oil. Protective 
sphere spark gaps are placed across the kenetrons K, condensers and 
X-ray tube. 

The voltage is measured ordinarily by means of a large sphere 
gap, but an electrostatic voltmeter is available for control. An X-ray 
tube of the Coolidge 200 k. v. deep therapy type has its filament 
current supplied from storage batteries placed in a coronaless copper 
case and in which the current is adjusted by remote control. The 
high-tension system is of three-fourths-inch tubing carefully installed 
to eliminate any corona discharge with consequent unsteadiness. It 
was found unnecessary to have any corona to act as a “safety valve,” 
since the circuit design eliminated the likelihood of severe surges. A 





‘Am. J, Réent., 9, p. 77; 1922. 
A. W. Hull, Am. J. Réent., 2, p. 153; 1915. 
P. L. Webster and A. E. Henning, Phys. Rev., 21, p. 301; 1923. 
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60-cycle 25 K. V. A. synchronous motor generator supplies all of the 
transformers in order to obtain best control. A carefully adjusted 
overload circuit breaker in the main transformer primary prevents 
the possibility of damage from any heavy current discharges in the 
system. It has not been found necessary to use any protective resist- 
ances next to the X-ray tube, as no evidence of gas has been shown 
with the tubes used. 

When making precise measurements a second operator controls 
the filament current and primary voltage. Under good conditions a 
precision of observation of 0.2 to 0.3 per cent can readily be obtained 
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Fic. 3.—Curve showing ionization current as a function of the chamber 
potential, using early model Duane chamber and Victoreen electroscope 


over a period of several hours. The variation from day to day, 
however, is frequently found to be double this amount. 


III. IONIZATION MEASURING SYSTEM 


It was decided from the start to use a large parallel plate ionization 
chamber as suggested by Duane * in his early work. | The first form 
of Duane’s chamber was not of sufficient size, and the guards wer 
not properly placed. Using such a chamber at the bureau with the 
cooperation of Doctor Behnken, mentioned above, the ionization 
current curve shown in Figure 3 was obtained where the current 1s 





§ Wim. Duane, Am. J. Réent., 9, p. 467; 1922. 
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Figure 2.—General assembly of constant potential generator 


» coils; C;, C2, condensers; A, one-quarter inch lead tube shield; B, control panel; 
netic shutter; E£, ionization chamber; F, 1,500-volt battery; G, main transformer; H, 





























FicgurE 5.--Photoaraphs of condenser plates com osing the stand- 
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plotted as @ function of the chamber voltage. By analysis of this 
curve some approximate idea can be obtained of the field conditions 
within the chamber. This curve is shown because it is quite typical 
for a faulty system where the electrode potentials differ and was 
present in an early type of chamber when used with an idiostatic 
electrometer in place of a galvanometer. 

To avoid this difficulty, a null electrostatic measuring method is 
used. This has the advantage of being quite sensitive and being 
applicable to studying the field distortion as shown below. The 
calvanometer gives equally reliable results but does not have a 
sufficient range of sensitivity in the particular system. 

The final form of standard chamber is shown in Figures 4 and 5. 
The plate spacing is 10 cm. The measuring electrode is 10 cm 











Bakelite Alumnum 
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Fia. 4.—Cross section of ionization chamber 


wide and the guards 20 em wide with a 0.5 mm spacing between. 
The collector electrode is supported from the back by four amber 
posts bearing an aluminum yoke spread between the guards. All 
of the electrodes are mounted on a brass plate as shown in the photo- 
graph (fig. 5). The guard plates are ordinarily earthed. The 
entire electrode system is placed in a one-eighth inch lead box with 
a one-fourth inch lead front. The spacing between the high-voltage 
electrode and the case was never less than the distance across the 
condenser normal to the beam (10 cm). In the present chamber it 
is about 15 em. Since the assembled unit is very large and heavy, 
it is mounted on an adjustable track so as to be readily aligned. 
Behind the ionization chamber is a lead chamber for preventing as 
much radiation as possible from escaping into the room. There is 
ho measurable back scattering from this chamber. 
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The diaphragm system is arbitrary, being approximately the samp 
as used by Behnken® and Glasser.'? More recent work by Faillg" 
has indicated that these diaphragm systems are perhaps not exactly 
correct. In any case it was not altered throughout the entire exper. 
ments. About 4% cm from the X-ray tube wall is placed a dis 
of 55 per cent lead glass 2 em thick and having in the center a 12 my 
hole. The position of this diaphragm is adjustable in all directions 

The tube is contained in a one-fourth inch lead cylinder line 
with steel for rigidity. This is mounted on a 16-foot track so as to 
move into several positions. 

An electrically operated lead shutter is mounted on the tube shield 
and controlled from the observer’s position. The shutter system js 
similar to that used by Webster” and others, and the timing js 


2s" 2s" 
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1500" 


Fia. 6.—Diagram of ionization chamber system 
A, lead glass diaphragm. JB, diaphragm and shutter on tube shield. C, diaphragm for defining 
the standard beam. JD, diaphragm to reduce scattering of radiation within the chamber. £, 
diaphragm at back of lead box. F, lead box to stop radiation from entering the room. G, 
ionization chamber. J, one-eighth inch lead box surrounding electroscope system. K, Lutz- 
Edelmann Wollaston fiber electrometer. L, cylindrical X-ray tube shield 


independent of any uncertain electrical contacts. The shutter can 
be opened for any multiple of 7.5 seconds to within at least 1/1,(00 
second and avoids the use of a stop watch. 

Figure 6 shows the electrostatic measuring system. The electro 
meter and condensers are in a one-eighth inch lead box fastened to 
the chamber box. This provides electrostatic and X-ray protection. 
The system was carefully tested and all measurable leakage elim 
nated. K is a Lutz-Edelmann fiber electrometer, which for the nul 
readings was connected as shown with +25 volts on each knife-edge. 
CO, and (©, are amber insulated concentric cylinder condensers, and 


— 





* H. Behnken, Strahlentherapie, 26, p. 79; 1927. 

10 O, Glasser, Am. J. Réent., 19, p. 47; 1928. 

li G. Failla (seen in manuscript form). 

48D, I., Webster and A, E, Henning, Phys, Rev., 21, p. 301; 1923. 
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(, (140 wf) can be cut in and out of the system from outside the 
shield. For the purpose of null reading, on one side of C, a variable 
potential is applied by means of the coarse and fine rheostats r, 
and 7. This is read on a precision voltmeter. 

in making observations the electrode is first ungrounded and the 
shutter then opened. An observer maintains the cross hairs on the 
zero potential mark by continuously adjusting the rheostats 7, and r2 
during the entire exposure. Thus, the potential of the collector 
electrode never differs from that of the guards by more than a small 
amount, which is determined by the sensitivity of the electrometer 
and the capacity of the system. In the particular case it was +0.3 
volt. 

In such a method the potential necessary to counteract a given 
potential increase of the system depends solely upon the geometrical 
configuration of the system and is independent of the electrometer 
sensitivity. The electrometer sensitivity only limits the divergence 
of the collector potential from zero as shown above. A theoretical 
constant k of the apparatus depending upon this configuration has 
been found experimentally to hold constant as long as the capacity 
of the system is unchanged. 


If a change of potential AV between plates of the condenser C, 
‘ 


V 
produces a change Av on the insulated system, then re =k, when 


the condenser C; only is in the system. If in a time ¢ it is necessary 
to apply a potential V to the condenser C; to maintain zero potential 
on the insulated system, then the corresponding charge Q in e. s. u. 
due to the ionization is then given by 
Ge 
o=- (V in e. s. u.) (1) 
Cc 


yr 


=0.9 < ;. (V in volts and C in pf) (2) 
where O is the total capacity of the system. Thus, under standard 
conditions of temperature and pressure, the dose in r per minute is 
iven by 
0.9 x CV x60 

300Xtk, W @) 





r/min = 


where W is the effective volume of ionized air and C is measured in 
mcromicro farads. Including next, the approximate correction for 
kmperature 7’ (degrees absolute) and pressure P (mm) 


0.9 C Vx60xX273 xP 4 
300Xt Ek. WT X760 (4) 





r/min = 
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The constant k, was determined carefully by charging the electro. 
scope first directly from a potentiostat and then to the same geal. 
points by means of the compensating potential applied to the cop. 
denser C;. The curves in Figure 7 give the experimental relatio, 
between V, the compensating potential, and v, where k is given by 
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Fia. 7.—Curves used for the determination of the appa- 
ratus constant “‘k”’ 




















the slope. In the particular case only two capacities were used, but 
it is noticed that the relation is closely linear, and by taking the best 
line through the points a very accurate determination of k is possible 
In addition, this was tested, using a standardized variable condense 
outside the case and the same accuracy was found. In the expres 


; Wwe ix: 
sion (4) above the ratio ke should be a constant for all capacities. 
c 


This was found to be true over a wide range of electrometer sens- 
tivities and from day to day. Thus the error introduced in r by ce 
tain other measuring methods due to the measurement of the volt 
sensitivity of the electrometer is eliminated. 
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IV. RESULTS 


The discrepancies between the various measuring methods is at 
once apparent from the saturation curves obtained by the same 
chamber under constant X-ray conditions. Four such curves are 
shown in Figure 8. In all cases the chamber potential was positive. 
(«) The electroscope was charged negatively and the discharge time 
fom —50 to —32 volts measured. The saturation value was 3.55 
rmin. (6) The electroscope was charged positively and the charge 
time from +32 to +50 volts measured. The saturation value was 
2.77 r/min. (ce), the electroscope was again charged positively and 


charging time from +50 to —50 measured. (This can be considered 





[hs 


























Chamber \Porenrial. 





























£00 400 600 600 1000 00 /400 


Fic. 8.—Saturation curves for standard ionization chamber using different 
measuring methods 


A, using a discharging, fiber electrometer. B, using a charging, fiber electrometer. C, using 
an idiostatic fiber electrometer. D, using a null reading fiber electrometer 


as an average of a and 6.) The saturation value was 3.15 r/min. 
(/) The null reading method gave a saturation value of 2.93 r/min. 
(¢:) Galvanometer method. (For the low energies used it was not 
practicable to determine the whole curve with the galvanometer, 
but above saturation it agreed within the experimental error with the 
null method.) 

Field distortion (to be described later) in the first two methods 
can account for the peculiar form of the curves. Glasser apparently 
recognizes this and then assumes that the distortion shown by curves 
4 and B is equal and opposite, since he essentially uses method C. 
Since, however, method C produced a higher saturation value than 
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D and E, the actual field distortion was carefully determined in thp 
present case by experiment. 

To study this two methods were used which agreed within eXperi- 
mental error. With the chamber potential positive and well aboy 
saturation, the guard plates were set at zero potential and the elect. 
meter system charged to various potentials from —45 to +45 volts, 
At each voltage value 7 was measured by the null method, maintaip. 
ing the potential difference between guards and collector constap} 
to within +0.3 volts. Since r=const X V (equation (4)), a curvy 
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Fic, 9.—Saturation current in the standard ionization chamber as a func- 
tion of the potential difference between the guard plates and collector plate 


Curve B shows the average saturation current for corresponding positive and negative potential 
differences. (Balancing potential is proportional to the saturation current) 
showing V plotted against the potential difference between plate 
will give the difference in r according as the potential of the collector 
is above or below the guard. This is given by Cm Figure 9. The 
value of r by the null method is that where the curve crosses the axis 
(78.4 volts in the particular case). The broken line A is simply the 
positive portion of the curve swung under the negative portion for 
more obvious comparison. Averaging these values it is seen at onc 
from curve B that the mean falls consistently above the value de- 
termined by the null method, In other words, the distortion pr 
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duced when the collector is negative is greater than that when the 
collector is positive with respect to the guard potential. A picture 
of the field is given in Figure 10 for each case. 

Exactly the same result was obtained when the collector was 
maintained at zero potential and the guards are set at the same 
potentials as above. 

It may be said that the irradiated volume is determined by the 
cross section of the beam and the bounding lines of force that just 
reach the collector at the edges. Thus it has been shown that due 
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Fie. 10.—Probable electrostatic field diagram in the standard 
chamber 














A, when using a discharging electrometer. B, when using a charging electrometer 


to controlled field distortion the length of irradiated volume varies 
in an unsymmetrical manner, the degree of dissymmetry depending 
upon the geometrical configuration of the system. This effect should 
be symmetrical when the width of the collector and the width of the 
guards are both very great with respect to the spacing of the con- 
denser plates. 

Referring again to Figure 9 we may regard the curves A and C as 
defining the irradiated volume limits for different potential differences 
between guard and collector, The average curve B then indicates 
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the change in length of the irradiated volume and the corresponding 
error introduced by a potential difference between the guard anj 
collector, such as caused by the use of an idiostatic electrometer, 

Rosa and Dorsey,” in their work with precision guard plate cop. 
densers, have calculated the error due to a very small displacemey; 
between the guards and collectors if their potential differs. A megs. 
urable error of this kind was found by displacing the collector plate 
in the present ionization chamber when using the deflection method 
of measurement. It is not likely, however, that this error hy 
been of any large amount in the work of others. 

In a recent paper Duane “ reported that the saturation current {or 
a similar ionization chamber decreased slightly after the plate spacing 
reaches a certain maximum. This could be avoided in his chamber by 
placing the shielding diaphragm at the same potential as the high 
potential plate. This is avoided in our present chamber by spacing 
the shield at a sufficient distance from the electrodes. G. Failla" 
has independently substantiated this. 

In the comparison made by Behnken '* it was found that the 
Reichsanstalt unit agreed with that of Duane. An analysis of the 
method used by Behnken shows that there is only a fraction of a volt 
difference of potential between the guards and collector in his pressur 
chamber. His disagreement with Glasser’s value is in the same direc- 
tion and of the same order of magnitude as found in the present ex- 
periments. Thus, it is indicated that the methods used by the Phys- 
kalische-Technischen Reichsanstalt and the Bureau of Standards 
should be in good agreement and should each yield an accurate de 
termination of r when other errors are eliminated. 

An analysis of the measuring method used by Glasser,!’ and as: 
secondary method by Behnken,'® can be made experimentally by 
two simple operations. The guards are set at a fixed potential of such 
value as to bring the electrometer fiber, when at the same potential, 
to a sensitive position on the scale. The electroscope is then charged 
to a value somewhat higher than this. Times of transit are then 
measured with a split second stop watch between every five divisions 
on the scale. The voltage sensitivity curve of the electrometer 
shown in A (fig. 11) ‘and is seen to be continuously changing. The 
point a on the sensitivity curve corresponds to the guard plate poter- 
tial (147 volts). Points 6 and ¢ correspond to equal voltage steps 
above and below a, through which range the electrometer was dis 
charged; 6’ and c’ are the corresponding time points. The corre 





13 E. B. Rosa and N. E. Dorsey, B. S. Bull., 3, p. 433. 
4% Wm. Duane, Am. J. Réent., 19, p. 461; 1928. 

16 See footnote 11, p. 776. 

16 See footnote 1, p. 771. 

17 O, Glasser, Am. J. Réent., 19, p. 47; 1928. 

i8 H, Behnken, Strahlentherapie, 26, p. 79; 1927. 
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ponding transit time curve B for the electrometer discharging is 
ven below and is also seen to be continuously varying. The formula 
sed in calculating (4) from this data is given by 
nit Cx Vx 60 
r Pa rere 
me 300X WXt 


here V in this case is the volt sensitivity. From the curves above 


he ratio 7 can be obtained in any suitably small increments. Thus, 


n order to determine r/min accurately the ratio At should be either 


onstant or linear with respect to the scale position. However, in the 
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Fic. 11.— Sensitivity curve and time-transit curve for idiostatic measuring 
method 


articular case the ratios obtained from the curves in Figure 11 when 
lotted against scale position gave a nonlinear relation as indicated in 
igure 12. It is thus clear that under ordinary circumstances the 
bove method will not yield an accurate determination of r/min. It 
bust be pointed out, however, that if a sufficiently small voltage 
mige is used the error will not be large, since the relation is nearly 
near for short ranges of voltage. 

Also, it is probable that by varying the gap between collector and 
ards this nonlinearity may be increased or diminished, thus changing 
le error introduced. When the above method of measurement is 
ed, the error should be carefully studied and proper precautions be 
ken to eliminate it or reduce it to a minimum. 





784 Bureau of Standards Journal of Research (Vag 


There is yet another source of error detectable when using a con. 
paratively highly charged collector or guard plates. A small amoup; 
of secondary radiation scattered by the air may actually pass betwee, 
the guards and collector producing ionization both between thy 
guards and collector and in the space behind them. In the first cay 
the ionization current changes direction as the collector potenti 
passes that of the guards. The error introduced is thus additive jj 
one case and subtractive in the other. In the second case the ioniz. 
tion will be constant provided saturation ‘exists behind the plate, 
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Fic. 12.—Relation of rr to V (electrometer scale) using idiostatic measur- 
ing method 


When employing a null method in which the collector, guards, ani 
box are all at zero potential, these errors will be absent. 


V. ACCURACY OF MEASUREMENTS 


The actual error in the present measuring system can be approx: 
mately determined. It must be emphasized, however, that an arbi- 
trary diaphragm system has been used thus far and the error in deter- 
mining the volume W of air ionized has been omitted. For 
accurate measurement of r/min this should, of course, be known. 

The primary voltage on the high tension and filament transformer 
is measured to within +0,1 volt, The ripple or fluctuation in th 
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rectified voltage was calculated with sufficient accuracy ' and found 
to be approximately 0.2 per cent when a current of 1.0 m. a. is being 
drawn. The X-ray tube current is controlled to within + 0.005 m. a. 

When using the compensating potential the mean deviation of a 
number of readings is usually found to be 0.2 to 0.3 per cent. The 
voltage can be read to +0.1 volt out of 100 volts, and the meter is 
accurate to 0.25 per cent. The capacity of the system is measured 
by means of a bridge calibrated at the Bureau of Standards. The 
capacitance can be determined with an accuracy of 0.5 per cent or 
better. By referring to the curves in Figure 6 for the determination 


ov 
of k, it was shown that the ratio y= const. This also serves as a 


check on the capacitance measurements. It is thus seen that aside 
fom the diaphragm error the accuracy in the determination of 
ymin, is 1.0 per cent or better. 


WasuHInatTon, September 30, 1928. 





WL. B. Jolley, Alternating Current Rectification, J. Wiley & Sons; 1924. 
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NOTE ON AN ELECTRICAL CONDUCTANCE METHOD 
FOR DETERMINING LIQUEFACTION TEMPERATURES 
OF SOLIDS 


By Edward W. Washburn and Edgar R. Smith 


ABSTRACT 


A conductance method for measuring liquefaction temperatures, which requires 
only a few milligrams of the substance investigated, is described. The method 
has been applied to the determination of eutectic temperatures of water-salt 
systems and to the determination of transition temperatures of salt hydrates. 
The method is applicable to any system which is practically a nonconductor of 
electricity below the liquefaction temperature and which abruptly exhibits an 
appreciable conductance at this temperature. 


CONTENTS 


I. Introduction 
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I. INTRODUCTION 


When a solid or a mixture of solids behaves as an electrical insu- 
lator below its liquefaction temperature but becomes a conductor as 
soon as the liquid phase appears, the temperature at which the 
system acquires this electrical conductance will be the liquefaction 
temperature of the system. This paper describes an apparatus for 
determining this temperature and gives some experimental results 
obtained in applying the method to the determination of eutectic 
temperatures and of incongruous melting points of salt hydrates. 

The method will be found especially convenient where only smal 
quantities of material are available. It has the additional advantage, 
in comparison with other methods, of being unaffected by the presence 
of any impurity which does not lower the initial liquefaction tem- 
perature. It will give reliable results in many cases in which the 
customary methods fail for any of the following reasons: 

1. Because of the presence of impurities soluble in the liquid phase. 

2. Because of a small latent heat of liquefaction which renders the 
equilibrium method, the calorimetric method, or the method of 
thermal analysis unreliable. 

31950°—29 787 
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3. Because of the acuteness of the angle of intersection of the 
solubility curves in the case of the solubility method. 

4. Because of a small volume change on liquefaction in the case of 
the dilatometer method. 


II. EXPERIMENTAL PROCEDURE 


For the determination of eutectic temperatures of aqueous systems 
containing at least one electrolyte the method consists essentially in 
applying a voltage across the electrodes of a cell filled with ice in 
contact with the solid electrolyte or mixture in 
question. The cell is immersed in a well-stirred 
bath below the eutectic temperature and is con- 
nected with a galvanometer. The temperature 
of the bath is allowed to rise slowly. When 
the eutectic temperature is reached, solution 
forms in equilibrium with the solid mixture 
and causes a marked increase in conductance. 
At this point the galvanometer deflects and 
the corresponding temperature is measured by 
means of a thermometer immersed in the bath. 
For the measurement of a melting point a 
similar procedure is followed. 


ro 








Ill. APPARATUS AND METHOD 


After experimenting with several arrange- 
ments, the apparatus (fig. 1) finally adopted 
consists of an iron cell, shown to scale in the 
figure, containing a platinum-wire electrode 
sealed in the glass tube which projects through 
the bottom of the cell. The cell serves as the 
other electrode. During the measurement it 
is immersed in a well-stirred bath of mer- 
cury precooled below the temperature to be 
measured and contained in a Dewar tube. If a eutectic temperature 
is to be measured, the cell is first partly filled with water, which is 
then frozen so that the end of the platinum wire extends through the 
surface of the ice. A few milligrams of the powdered electrolyte are 
placed on the ice surface around the electrode,! the cap is screwed | 
into place, and the cell is completely immersed in the bath close to 
the bulb of a thermometer. The cell is connected in series with the 
heating element of a vacuum thermocouple and with the 6-volt 








1A little melting and immediate refreezing might occur when the warmer particles first touch the ice 
surface. The result would be a thin surface layer of frozen eutectic mixture which would do no harm and 
might even be an advantage. 
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terminals of a small transformer operated on the 60-cycle 110-volt 
line. The thermocouple leads are connected to the terminals of a 
galvanometer. The galvanometer used had a voltage sensitivity of 
0.3 mm per microvolt and was suitably damped when connected to 
the thermocouple. The temperature of the bath is allowed to rise 
slowly, and when the galvanometer shows a deflection the reading of 
the thermometer is taken as the eutectic temperature. It is worth 
noting that the galvanometer deflection is proportional to the square 
of the conductance, since the heat developed at the thermocouple 
junction is proportional to the square of the current. The successful 
use of the thermocouple and galvanometer arrangement depends 
largely on this second power proportionality. 

It was found best, in order to obtain results reproducible to about 
0.02 to 0.03°, to keep the circuit open until the temperature is within 
0.1 to 0.2° of the eutectic point; otherwise the small current across 
the solid mixture may cause a cumulative heat effect within the cell 
resulting in the formation of solution and a marked increase in con- 
ductance before the outside bath has reached the eutectic tempera- 
ture. The experimental fact that, with the circuit continuously 
closed, larger impressed voltages may result in deflections at lower 
temperatures seems to bear out this conclusion. For this reason, 
the circuit is closed only momentarily every 0.02°, starting 0.1 to 
0.2° below the eutectic temperature and continuing until slightly 
above. A preliminary experiment may be necessary in some cases 
to establish the approximate location of the eutectic point. 

If a melting point is to be measured, the cell is filled with the dry 
salt below the desired temperature and the same procedure is followed. 


TaBLE 1.—Temperature galvanometer readings for the system K,SO,-H,0 


Galva- | Galva- 
nometer | nometer 
defiection| deflection 


Temper- 
ature 





mm | ™ 





35 








Average eutectic temperature, 1.54°. 


IV. EXPERIMENTAL RESULTS 
1. EUTECTIC TEMPERATURES 


Typical temperature and galvanometer readings obtained by the 
method outlined are shown in Table 1 for two experiments with potas- 
sium sulphate and water. In order to give the method a further test, 
the eutectic temperatures of several salts and of a salt mixture were 
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measured and compared with the values obtained by investigato; 
using the equilibrium method with large quantities of the salts. Thes 
results are summarized in Table 2. Each result given in the tables 
the average of two or three determinations agreeing to within 0,0) 
to 0.03°. The known values were taken from Landolt-Bérnsteiy 
Tabellen, fifth edition, and International Critical Tables. It is ey). 
dent, from the comparison of the known eutectic temperatures with 
the measured values for the salts given in the table, that the method 
gives results which are correct within its own degree of precision, 
Temperature lag between the bulb of the Beckmann thermometer 
and the contents of the cell and, perhaps, the time required for the 
spreading of a finite film of solution over the surface of the ice may 
account for the variability observed. The use of a small thermocouple 
placed within the cell instead of the thermometer in the bath would 
probably reduce the temperature lag and eliminate the variability 
due to this cause. 


TABLE 2.—Eulectic temperatures measured by the conductance method compared 
with their known values 


Eutectic | Know: 
tempera- | 20W2 

Electrolyte ture by 
conduct- 
| ance 


} eutecti 
tempera- 


RR eA 
FeSO,4.7H3:0 

KNO3_- " 
Mixture of KxSO.-K N O3-_-- 
NaeCrO4.10H20____. nook S 





2. INCONGRUENT MELTING POINTS 


The temperature at which the dekahydrate of sodium sulphate is 
in equilibrium with the anhydrous salt and solution and the tempera- 
ture at which the dekahydrate of sodium chromate is in equilibrium 
with the hexahydrate and solution are known to an accuracy of about 
0.001° and are used as fixed points in thermometry.’ These transition 
temperatures were measured by the conductance method and furnish 
a reliable test of the method for such systems. The thermometer 
used for this purpose was graduated in 0.2° divisions and had a 
Bureau of Standards calibration certificate. It was further stand- 
ardized at the transition temperature of the dekahydrate of sodium 
sulphate (32.384°) by immersing it in a Dewar tube filled with the 
equilibrium mixture at this temperature. The temperatures found b) 
the conductance method are compared with the known values in 
Table 3. Corrections were applied for the emergent stem. 





2 Richards and Wells, Proc. Am. Acad., 38, p. 431; 1902, Dickinson and Mueller, B. 8. Bull. 3, p. &! 
1907. Richards and Kelly, Proc. Am. Acad., 47, p. 171; 1911. 
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Liquefaction Temperatures by Conductance 
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Transition temperatures determined by the conductance method compared 
with those determined by the equilibrium method 





| Transi- 

| tion 

’ tempera- 
Mixture ture by 





Nay O1.10H20+NaaSOz 
Na;CrO4.10H20+NazCrO4.6H30- er 





WasHinaton, November 21, 1928. 
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CALIBRATION OF SIXTY-FIVE 35-YELLOW LOVIBOND 
GLASSES ' 


By Irwin G, Priest, Deane B. Judd, K. S. Gibson, and Geraldine K. Walker ? 


ABSTRACT 


This report deals with 65 nominally 35-yellow Lovibond glasses collected from 
members of the American Oil Chemists’ Society, submitted to the Bureau of 
Standards in August, 1927, by H. P. Trevithick, and identified by AOCS numbers 
engraved on the glasses. It is understood that Mr. Trevithick has a key to these 
numbers showing the ownership of each glass. 

The fundamental standard to which the values here reported are referred is 
contained implicitly in a particular set of glasses obtained directly from the 
Lovibond establishment (The Tintometer (Ltd.)) in 1912, kept at the Bureau of 
Standards, and designated as B. 8. 9940 for purposes of identification. The 
units of the red and yellow scales effective in the present calibration are as derived 
from this set of glasses by Priest and Gibson in 1927 after adjusting the incon- 
sistencies among the different glasses in the set. 

The data reported include, for each glass: (1) The equivalent in terms of 
standard Lovibond yellow and red; (2) the sunlight transmission. 

Explicit directions are given for using the equivalents in practice. Special 
comments are made on seven glasses having strikingly abnormal transmissions or 
badly marred surfaces. Also, to aid in the possible identification of the origin of 
the glasses, detailed information is given as to engraved marks found on the 
glasses, thickness of the glasses, and character of the edges. 

The average equivalent for all of these glasses is 32.3 yellow 0.17 red. The 
average sunlight transmission is 3.5 per cent higher than the transmission adopted 
as standard for 35 yellow. It is, however, only 0.6 per cent higher than the 
standard transmission proper to the average yellow numeral (32.3) found for 
these glasses, which shows that, in the average, the data for sunlight transmissions 





1 This is one of a series of papers dealing with standardization of Lovibond glasses by the Bureau of Stand- 
ards. Previous publications have been: 

1. Gibson, Harris, and Priest, A Spectrophotometric Analysis of the Lovibond Glasses, B. S. Sci. Paper 
No. 547; February, 1927, 

2. Judd and Walker, A Study of 129 Lovibond Red Glasses with Respect to the Reliability of Their 
Nominal Grades, Oil and Fat Industries, 5, pp. 16-26; January, 1928. 

3. Priest and Gibson, Standardizing the Red and Yellow Lovibond Glasses, J. Opt. Soc. Am. and Rev. 
Sci. Inst., 16, p. 116; February, 1928. 

4. Priest, Tests of Color Sense of A. O. C. S. Members and Data on Sensibility to Change in Lovibond 
Red, Oil and Fat Industries, 8 pp. 63-73; March, 1928. 

5. Judd, Effect of Temperature Change on the Color of Red and Yellow Lovibond Glasses, B. S. Jour. 
Research, 1 (RP31), pp. 859-866; November, 1928. 

The present paper is one of the results of a cooperative investigation by the bureau and the American 
Oil Chemists’ Society, one of the authors (Walker) being an employee of that society detailed to the bureau 
a8 a research associate, September 12, 1927, to July 2, 1928. Monthly reports of progress on this cooperative 
Work have been published in Oil and Fat Industries as follows: December, 1927, pp. 433-435; January, 1928, 
Pp. 27-29; February, 1928, pp. 58-59; March, 1928, pp. 92-94; April, 1928, pp. 114-117; May, 1928, pp. 152- 
156; June, 1928, pp. 184-188 (there are many misprints in this report); July, 1928, pp. 220-221; August, 1928, 
Pp. 247-250; and September, 1928, p. 278. 

? The authors have had the assistance of Mabel E. Brown and J. O. Riley in observing and computing. 
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and yellow-scale numerals are in accord. The maximum errors found jp the 
collection are: 


About 7 
About 0.3 
About 14 per cent 


The sunlight transmission of one of the glasses (AOCS No. 125) is quite rema., 
ably higher (12 per cent) than the standard transmission for 35 yellow. Ty 
sunlight transmissions of six glasses (AOCS Nos. 27, 31, 41, 97, 125, and 13) 
depart notably (9 to 14 per cent) from the transmissions proper to the yelly 
numerals assigned to them in this calibration. 

It is clear that the average equivalent of these 65 glasses is not in preiy 
accord with the standard 35 yellow derived by Priest and Gibson from ty 
Bureau of Standards set (B. 8S. 9940) obtained from the Lovibond establishmey 
On the other hand, the discrepancy is certainly not more than two or three ting 
the least difference perceptible with certainty by the best observers under tis 
most favorable conditions of observation. The idea occurs that it might sey 
reasonable to adopt the average as standard instead of the standard which hx 
been adopted. There are, however, grave objections to this proposal, as explain 
in the report. 

Of course, if their own average were taken as standard instead of the standarl 
arbitrarily adopted, the “‘errors’’ for most of the glasses would be notably 
decreased. With a very few possible exceptions, the uniformity of these glass 
is quite as good as could be required or expected in order to comport with tx 
purposes and methods of use for which they were intended by the makers. Th 
irregularities found and reported here have only been discovered by methoi 
of observation greatly exceeding in sensibility and accuracy the methods of col 
matching contemplated by the makers, and the methods actually used by tk 
oil chemists in grading oils. 

The surfaces of three glasses (AOCS Nos. 41, 97, and 119) were so bad 
marred that it might seem advisable to discard them. With the possible excep 
tion of these badly marred glasses, all of the glasses are considered fit to 
regarded as equivalent to standard 35 yellow under the present customary 
conditions of grading oils. The point to this recommendation is not that th 
glasses are perfect from the point of view of precision calibration, but that th 
errors found are negligible in comparison with the uncertainties inherent in th 
customary methods of using the glasses. When more reliable and precise metho# 
of grading are adopted, it will be in order to consider using the precise equivalent 
which are given for each glass. Of course, even under present conditions, t® 
glasses which approach more nearly standard 35 yellow may perhaps be regardei 
with somewhat greater satisfaction and respect by those who use them. Tk 
detailed data given in Table 1 of the report will enable such glasses to be identifie 

An outstanding result of this investigation is the conclusion that the discrepat 
cies of color grading which have troubled the oil trade can not be charged to lat 
of uniformity among the 35-yellow glasses. The sources of these troubles at 
rather to be sought in the following factors: 

1. Unstandardized, nonuniform, and insensitive methods of comparing the di 
samples with the glasses. 

2. Grading of oil by observers having abnormal color sense or low power of bit 
discrimination. 

3. Errors in the red glasses. 

It seems just to assume that this rather large collection of glasses constitutes! 
fair sample of 35-yellow glasses issued by the Lovibond establishment and in & 
in the oil trade in the United States. If this be admitted, it seems superfiuous” 
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test individual 35-yellow glasses further under present conditions. The chance 
of finding one with an error great enough to be of consequence in comparison with 
the other uncertainties just mentioned is very small. After the above-mentioned 
sources of error have been eliminated in practice, it will be due season to recon- 
sider the calibration of 35-yellow glasses if it then appears necessary. In the 
meantime it may well be considered legitimate to accept on faith the 35-yellow 
glasses as issued by the Lovibond establishment, 


CONTENTS 


I. Description of glasses 
II. Relation of character of the glasses to accuracy of calibration 
III. Standards and units 
1. Standard glasses and derivation of units 
2. Colorimetric specification of standard 35 yellow 
3. Physical specification of standard 35 yellow 
4. Actual glass standard for 35 yellow 
’, Fundamental principles and methods of calibration 
Vy. Special methods of calibration used in the present case 
1. Empiric formula for sunlight transmission 
2. Empiric formula for yellow-scale numeral 
3. Apparatus and methods for the direct comparison of the 
colors of the standard and the glasses being tested 
4. Determination of red correction 
‘Il. Synopsis of results of calibration 
1. Sunlight transmission 
2. Red and yellow equivalents 
3. Application to the color grading of oil 
‘II. General conclusions 


I. DESCRIPTION OF GLASSES 


These glasses were submitted by H. P. Trevithick, president of the 
American Oil Chemists’ Society, in August, 1927. They are to be 
identified by the engraved initials, AOCS, followed by a number 
which refers to the individual glass, as shown in Column I of Table 1. 
It is understood that nearly all of these glasses were collected from 
members of the A. O. C. S., and that Mr. Trevithick has preserved a 
key by which the ownership of each glass can be found from its 
identification number. Nearly all of these glasses had been in use 
or some time. Very few new glasses were included. Engraved 
marks found on the glasses have been carefully noted and are cited as 
precisely as possible in Column IX of Table 1. It will be noticed 
that there are four distinctly different styles of labels and many 
minor variations. As further information, which might be of interest 
and possible service in resolving questions as to the origin, age, and 
history of the individual glasses, we give also in Table 1 the thick- 
hesses of the glasses (Column X) and notes on the character of the 
edges (Column XI), 
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Notes referred to in Column IX of Table 1 


ENGRAVED MARKS ON THE GLASSES 


(Presumably Engraved by the Maker) 


Lovibo olour Scale 
pint oon 5 pel Scale 
Lovibona’s Colour Scale 
Lovibona’s Colour Scale 
Lovibonds Colour Scale 
Louibona's Colour Scale 
Lovibonds Colour Scale 
Lovibona’s Coleur Scale 

Colour Scale 

ColourScale 
Lovibona's Colour Scale 
Lovibond'’s Colour Scale 
Lovibond's Colour Scale 


cs 


Sa 


eat 


->D I> Dr -D>> 


England 


England a 
35-0 


3s 


Soeoeoeoeeeeeesg 
TP VVVVZVs : 
SSS 


HQG HHH HOG 1G 
~~ SSR TE HO 


+ 
Y Lovibonds Colour Scale 
Zz 


Colour Scale 
Colour Scale 
Lovibonds Colour Scale 


¢ Bees Wo 
‘ad 
a Rega he 


Notes 


UT in Levibond and C in “Colour” chipped off. 
‘Sin "510" chip ed off. 

"Cin “Scale” chipped off. 

Additional may (over “Levibond's”) :360 

© in Seale” and“T* in “T1T* chipped off, 

Part of “*T” chipped off 
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All of these glasses depart, many quite markedly, from one or mop 
of the following ideal conditions which are highly desirable for py. 
cision color standards: (1) Planeness of surfaces; (2) parallelism ¢ 
surfaces; (3) freedom from haze, pits, and scratches on the surfaces: 
and (4) freedom from striz and bubbles. 

The following glasses were particularly bad in the respects noted: 
(1) Haze, AOCS Nos. 41, 97, 119; (2) scratches, AOCS Nos. 15, 4), 
97, 98, 103, 116, 119; (3) striwe, AOCS Nos. 27, 31, 43, 98; and (4) 
waviness of surface, AOCS No. 114. 

The type of spectral transmission with which we are dealing and the 
extent of its variation among the present lot of glasses are shown in 
Figure 1. The much-confused and widely divergent continuow 
curves were plotted from the data on spectral transmission of 2} 
individual glasses, about half of which are included in the present 
lot. The circlesand X marks indicate, respectively, the maximum and 
minimum transmissions found among the present lot of 65 glasses. 


II. RELATION OF CHARACTER OF THE GLASSES TO 
ACCURACY OF CALIBRATION 


With glasses having such imperfections as these, the highest degree 
of precision and reliability in calibration is out of the question. An 
analogous situation would arise if we should attempt a precision cali- 
bration of an ordinary wooden foot rule with its crudely marked 
divisions. No amount of tedious scientific measurement could make 
of the wooden rule a length standard comparable with a finely ruled 
steel, quartz, or platinum-iridium precision standard. In the present 
instance we have done our best to calibrate the glasses submitted, but 
in considering this report one must not lose sight of the character o/ 
the material concerned. The uncertainties remaining in the present 
results are largely inherent in the nature of the glasses themselves, 
to attempt to reduce them by further measurements or observations 
would be quite futile.* 


Ill. STANDARDS AND UNITS 
1. STANDARD GLASSES AND DERIVATION OF UNITS 


The fundamental standard to which the values here reported ar 
referred is contained implicitly in a particular set of glasses obtained 
in 1912 directly from the Lovibond establishment (The Tintometer 
(Ltd.)), now kept at the Bureau of Standards, and designated 4 
B. S. 9940 (Bureau of Standards inventory number). The units 





3 These remarks are not to be interpreted as an unqualified condemnation of the Lovibond glasses The 
scratches, pits, and haze have probably resulted from careless usage. As supplied by the Lovibond 
establishment, these glasses serve a useful purpose to the extent that their characteristics permit; bub 
as implied above, they are comparable to the common weights and measures of trade rather than to tbe 
precision weights and measures of the scientific laboratory. 

4 See B. S. Sci. Paper No. 547. 
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of the red and yellow scales effective in the present calibration yy 
as derived from this set of glasses by Priest and Gibson in 197 
after adjusting the inconsistencies among the different glasses in th 
set. For the purposes of the present report, these units are suff. 
ciently well specified in terms of the actual glasses by Table 2, whic 
gives the numerals (N’’) assigned by Priest and Gibson to selecta 
glasses designated by the numeral (N) engraved on the glasses by 
the Lovibond establishment.® 


TABLE 2.—Bureau of Standards Lovibond glasses, B. S. 9940 


[Numerals (N’’) assigned by Priest and Gibson to gies assigned the numeral (N) by the Lovibond 
establishment] 





Yellow glasses Red glasses 





N ” N N” 





1,19 
2. 07 
5. 07 
10. 05 
20. 86 




















The meaning of 35 yellow on the scale established by Priest an 
Gibson is as follows: 
Theoretically (neglecting, for the moment, the possible cumulativ 


effect of small errors and practical difficulties of the test), a 35-yellow 
glass would match 35 unit glasses combined so as to avoid all loss o/ 
light at the interfaces (for example, cemented by a nonabsorbin 
medium having exactly the same refractive index as the glasses) 
However, it is not feasible to make an experimental demonstratio 
of such an extreme case of additivity. 
Practically, it is true that a 35-yellow glass will be matched by 

combinations as follows (surface reflection being eliminated): 

30 and 5 

20 and 15 

10 and 10 and 15.° 





5 All red and yellow numerals given in this paper refer to the scale of Priest and Gibson, except wher 
it is clearly apparent from the context that Lovibond’s engraved numeral, the nominal grade, is bela 
referred to. 

6 In general, the principle on which the scale is constructed may be expressed by the additivity condita 


Si= Sp 
where S; and S; are the sums of the scale numerals attached, respectively, to two combinations of gla 
such that (1) they contain equal numbers of glass plates (glasses of zero absorption being introduce! 
needed), and (2) they evoke the same color under like conditions. In this form of statement, specify 
that the two combinations shall contain equal numbers of plates takes the place of specifying the eliminst 
of surface reflections, 
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2, COLORIMETRIC SPECIFICATION OF STANDARD 35 YELLOW 


The colorimetric specifications (with Abbot-Priest sun 7 as neutral) 
adopted by Priest and Gibson to represent the 35Y derived from the 
above-mentioned set of glasses are as follows: 

Trilinear Coordinates * (r, g, 6) on the basis of excitations ® given 
by the O. S. A. colorimetry committee: 


r=0.5017 
g=0.4611 
b=0.0372 


Sunlight transmission (T) on the basis of visibility recommended by 
Gibson and Tyndall: ™ 
T =0.6033 


3. PHYSICAL SPECIFICATION OF STANDARD 35 YELLOW 


The above-described standard would be realized to a very close 
approximation by a glass having the spectral transmission given in 
Table 3. The degree of approximation in colorimetric terms is shown 
as follows: 





From 
Table 3 





rity . 9315 
Dominant wave length!_.my_| 575. 66 | 575. 66 











1 These values of dominant wave length are given to the nearest hundredth of a millimicron, not because 
they may be computed via the O. 8S. A. excitations with this absolute accuracy (which is not possible), 
but because they may be (and have been) computed with this relative accuracy. 


The scale numeral of the glass having the spectral transmission 
shown in Table 3 would be 35.1. One-tenth of a unit is a negligible 
amount at this point on the yellow scale, inasmuch as the least 
difference perceptible with certainty has been found to be greater 
than one unit. 





' Phys. Rev. (2), 11, p. 502; 1918. J. Opt. Soc. Am. and Rev. Sci. Inst., 12, p. 479; 1928. 
‘J. Opt. Soe. Am. and Rev. Sci. Inst., 9, pp. 506-508; 1924. This paper gives the definition of “trilinear 


' The excitations used are essentially those referred to in the following footnote. The actual values used 
are those extrapolated by Priest and Gibson (J. Opt. Soc. Am. and Rev. Sci. Inst., 10, p. 230; 1925). 

” J, Opt. Soc. Ami. and Rev. Sci. Inst., 6, p. 549; 1922. 

"B.S. Sci. Paper No. 475, p. 174, Table 3, last column. 
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TaBLE 3.—Spectral transmission of hypothetical glass approximating closely 
standard Lovibond 35Y adopted by Priest and Gibson 





Wave | Trans- Wave | Trans- 


length | mission | length mission 





my mu 
450 
460 
470 
480 
490 


500 
510 
520 
530 
540 


550 
660 
57 


580 























4. ACTUAL GLASS STANDARD FOR 35 YELLOW 


We have not been able to find a glass fulfilling the ideal specifics. 
tions for standard 35Y. We have, however, a two-glass combin:- 
tion, the spectral transmission of which is given by multiplying each 
transmission in Table 3 by the constant 0.93386. The trilinear 
coordinates, dominant wave length, and purity are consequently the 
same as computed from this table; and the sunlight transmission i 
0.93386 X 0.6033 =0.5634. This combination consists of the tw 
glasses, 35 Yp, s. 102800 and LY3, 5. test 41960 


IV. FUNDAMENTAL PRINCIPLES AND METHODS OF 
CALIBRATION | 


The results to be given must be considered in terms of certain 
fundamental ideas which will now be presented. 

A complete description of the color evoked by one of these glasses 
must comprehend three items (or their equivalents)—hue, saturation, 
and brilliance.” <A perfect standard 35Y would be correct in al 
three of these attributes of color and would be characterized by 
certain values of— 

TERRORE: CORRGIDOIO ssa oid dis dann Oeekhces obeh (r, g, 6) 
Dominant wave length 

Purity 

Sunlight transmission 





2 Report of the Colorimetry Committee, Optical Society of America, J. Opt. Soc. Am. and Rev. 8 
Inst., 6, pp. 534-535; August, 1922. Separate copies of this report may be purchased at 50 cents per cop! 
of Prof. F. K. Richtmyer, business manager, J. Opt. Soc. Am. and Rev. Sci. Inst., Cornell Universit), 
Ithaca, N. Y. 

13 For definitions of these terms, see following papers by Priest: Apparatus for Determination of Colt 
* * * J. Opt. Soc. Am. and Rev. Sci. Inst., 8, pp. 174-176; January, 1924. Computation of Colt 
metric Purity, J. Opt. Soc, Am. and Rev, Sci, Inst., 9, pp, 503-505; November, 1924, 
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However, the Lovibond yellow scale is primarily a saturation 
scale, running from neutral to a very saturated yellow. The out- 
standing colorimetric variable is purity. The preeminent signifi- 
cance of the yellow numeral is that greater numerals indicate greater 
saturation determined chiefly by colorimetric purity. Nevertheless, 
it is also true that dominant wave length and sunlight transmis- 
sion both change with the yellow numeral. On the scale estab- 
lished by Priest and Gibson certain values of purity, dominant 
wave length, and sunlight transmission appertain to each value of 
the yellow numeral. 

The fundamental method " of calibrating a yellow Lovibond glass 
consists essentially of the following steps: 

1. The trilinear coordinates (r, g, 6), the dominant wave length (A), 
the purity (P), and the sunlight transmission (7’) are computed from 
the spectral transmission of the glass. 

2. The glass is assigned a yellow-scale numeral proper to its colori- 
metric purity.’ 

3. The difference between the actual dominant wave length of the 
glass and the dominant wave length proper to the numeral which 
has been assigned it is then considered. If this difference is zero, 
the glass may be regarded as standard in hue. If the difference does 
not exceed a certain tolerance, the glass may be regarded as practically 
standard in hue. If the difference is very small but not negligible, 
it may sometimes be advantageously stated in terms of Lovibond red, 
as described later. 

4. The difference between the actual sunlight transmission of the 
glass and the transmission proper to the numeral which has been 
assigned it is then considered. If this difference is zero, the glass is 
standard in transmission and brilliance. If this difference is not zero, 
due account may be taken of it in using the glass. 


V. SPECIAL METHODS OF CALIBRATION USED IN THE 
PRESENT CASE 


As has been pointed out in the preceding section, the fundamental 
method of calibration requires the complete determination of spectral 
transmission throughout the visible spectrum followed by elaborate 
computations. For a large number of glasses (as in the present 
case), this would be a very laborious and time-consuming task; there- 
fore, certain short-cut methods have been used. These short cuts 
are based on certain empiric formulas and methods which will now 
be described briefly. 





“ As developed by Priest and Gibson. 
4 The parameter actually used by Priest and Gibson for finding the correct numeral was 1/b. The pro- 
cedure, however, is equivalent to assigning the glass a numeral in accord with its colorimetric purity. 
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1. EMPIRIC FORMULA FOR SUNLIGHT TRANSMISSION 


Adopt symbols as follows: 

T is transmission for Abbot-Priest sunlight computed from complete 
spectral transmission on basis of visibility recommended by Gibsoy 
and Tyndall; 

Ts19 is transmission for wave length 510 my (millimicrons); 

Ts50 is transmission for 550 my; and 

Ts. is transmission for 610 mu. 

The following formula '* has been shown to hold to a close approx. 
mation for 15 nominal ” 35Y glasses previously investigated: 


T =0.0070 + 0.2456( Ts10 + 2 Ts50 + To10) (1) 


Considering all of the data for the 15 glasses from which it was 
derived (by least-square adjustment), the average error of this formula 
is 0.00127, and the maximum error in the 15 cases is 0.00297. 

As a further check on this formula we have determined the con- 
plete spectral transmission for eight glasses in the present lot and 
have computed the values shown in the following table: 





0.0070+4-0.2456( T's10 
+2T 550+ To10) 





of 
from com- 

For Ts, 

— Tso, and For pre- 

taision Too from | liminary 

data complete | values of 

g spectral Ts10, T'sso, 

transmis- and 7's0 

| sion data 








0. 644 
- 635 
. 600 
. 628 


"617 
‘641 

















The second column of the above table gives the sunlight transmis- 
sion as computed by rigorous methods from the complete data on 
spectral transmission. The two results by the formula (third and 
fourth columns of above table) are derived from two sets of values 
for Ts10, T'ss0, and To, namely: 

1. Preliminary isolated measurements of T at wave lengths 5!) 
550, and 610 made before the complete spectral transmission dats 
were obtained (fourth column). These results have the same status 
as all of the values given in Column IV of Table 1. 


16 Derived and verified by Priest and Judd, July-August, 1927, 
1” That is, 35 according to engraved marks, 
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9, Final values as read from the final curve for spectral transmis- 
sion (third column). 

It happens that 3 of the glasses in the present lot of 65 were also 
included in the lot of 15 previously investigated, and data on their 
spectral transmission obtained about January, 1927, are thus available. 
Using these data and the present independent values for T's10, Tss0, 
and 7's, the values given in the following table have been computed: 





0.0070+-0.2456( T's10+ 
2T set Te) 





md 
from For inde- 
complete bd Te, pendent 
spectral Fn ae values of 
transmis- a Jete | 230 Tso, 
sion data :~ Peal and Two 
sion data | Present in- 
vestigation 


0. 6114 0. 611 0. 607 
- 6346 . 634 - 632 
- 6224 - 621 - 619 























In either of the two tables just preceding, the differences between 
the second and third columns show merely specimen errors of the 
formula itself when using only one set of data. The average error is 
less than 0.00137. The differences between the second and fourth 
columns show the magnitude of errors which may be expected in the 
values of J given in Column IV of Table 1. The average error is 
about 0.0078 7. 

From the foregoing presentation it is evident that the error of this 
empiric formula for sunlight transmission (equation (1)) is negligible. 


2. EMPIRIC FORMULA FOR THE YELLOW-SCALE NUMERAL 


Adopt symbols as follows: 
N’’ is the yellow-scale numeral as found (via 1/6) by the fundamental 
method; 
T's is the transmission for wave length 480 my; and 
Ts) is the transmission for wave length 550 mu. 
The following empiric formula was derived” from a study of the 
15 above-mentioned nominal 35Y glasses previously investigated: 


N”’ — 37.04 logio( T's0/ T's50) (2) 


Considering all of the data for the 15 glasses from which it was derived 
(by least-square adjustment), the average error of the formula is 
0.23; and the maximum error in the 15 cases is 0.83. 


" By Priest and Judd; August-September, 1927. 
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As a further check on this formula we have also made computation; 
from the complete spectral transmission data for eight glasses fron 
the present lot (the same eight as mentioned in the preceding section), 
In the following table the results are shown in a manner analogoys 
to the results for transmission in the preceding section (V, 1): 





—37.04 log:o( T'sso/ 7'ss0) 
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Here again the numerals in the second column are those obtained 
by the more rigorous computation; the third column gives numerals 
computed by equation (2) taking values of 7'y9 and 7's59 from the fine 
complete spectral transmission data; and the numerals in the fourt! 
column (from preliminary values of T's) and 7's59) have the same status 
as all values of N’’ in Column II of Table 1. 

Likewise, the 3 glasses in the present lot of 65, also included in the 
lot of 15 previously investigated, afford spectral transmission data 
from which the values given in the following table have been 
computed: 





— 37.04 logio( 7'ss0/ T'ss0) 
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In either of the two tables just preceding the differences betweet 
the second and third columns show merely specimen errors of the 
formula itself when using only one set of data. The average erro! 
is 0.34. The differences between the second and fourth columm 
show the magnitude of errors which may be expected in the value 
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{ the yellow numerals (N’’) reported in Column II of Table 1. 
The average error is 0.44; the maximum error is 0:9. 
® Since the least difference in yellow perceptible with certainty on 
the 35Y+mR scale has been found to be greater than one unit, it 
appears, from the foregoing presentation of data, that this empiric 
formula is sufficiently accurate for determining the yellow numeral 
for all practical purposes. 


3, APPARATUS AND METHODS FOR DIRECT COMPARISON OF THE 
COLORS OF THE STANDARD AND THE GLASSES BEING TESTED 


| The findings which are of chief interest in the present report are 
lerived from the immediate visual comparison of the test glasses 
vith standard glasses. The essential features of the apparatus and 
nethod used in this comparison are as follows: 

1. The observer conducting the calibration sees, by looking into 
the Martens photometer,’ an illuminated circular field subtending 
an angle of about 6° and divided by a vertical diameter. 

2. The illumination of both halves of the field is produced by 
matural north skylight which has been diffused by transmission 
through a plate of milk glass. 

3. Lovibond glasses can be inserted so as to color either half of 
the field. By placing one glass in the path of the light illuminating 
one half and another glass in the path of light illuminating the other 
half, the colors of the two glasses may be compared in immediate 
juxtaposition. 

4. The two halves may be matched in brightness at the will of 
the observer. If the two glasses are alike in dominant wave length 
and purity, the adjustment of the brightnesses of the two halves to 
equality will cause the dividing line to vanish. If, by matching the 
brightness, by making first one side and then the other brighter, by 
looking back and forth from one side to the other, and by reversing 
the positions of the glasses, the observer can perceive no difference in 
aturation or hue, he concludes that the glasses may be accepted as 
duplicates in color except that they may have different transmissions. 


4. DETERMINATION OF RED CORRECTION 


As pointed out above, one of the ways in which a 35Y glass may 
depart from normal is in regard to its hue. Experience has, indeed, 
shown that this is the most important error from the practical point 
of view. The practical import of this circumstance is that the 
quivalent of a nominal 35Y glass must usually be given in terms of 
yellow and red. Thus, of a nominal 35Y which does not have the 





"The apparatus and methods used have been described in a previous paper, Oil and Fat Industries, 
Pp. 16-18; January, 1928. Naturally, the yellow glass used over the ocular in the previous calibration 
of red glasses was net used in the present case, 
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standard hue for 35Y, but is otherwise normal, we may say that it 
equivalent in hue and saturation to 35Y+nR or 35Y—nR, whey 
nm is some fraction usually less than 0.3. The meaning of the fix 
equivalent would be that the glass in question was matched (bright. 
ness being independently equated) by a standard 35Y combined wit) 
a red glass of numeral n. The meaning of the second equivaley 
would be that the standard 35Y was matched (brightness being 
independently equated) by the glass in question combined with a rj 
glass of numeral n. In the first case, the error of the glass in questioy 
consists in its being reddish relative to the standard. In the second 
case, the error consists in its being greenish relative to the standard, 

The determination of equivalents in this form is, however, compl: 
cated by the approximate empiric equivalence of small amounts of 
red and yellow at 35Y. This equivalence will be discussed late 
(Section VI, 2). 

Let us now consider more closely the problem of finding the yellow 
and red equivalent of an unknown nominal 35Y which is not exactly 
a true 35Y. Let it be assumed that we have a standard 35Y with 
which to compare it. The problem will then consist of finding the 
yellow and red which must be added to (or subtracted from) the 
standard in order to match the unknown. The following cases maj 
be distinguished: 

1. It will be necessary to add only yellow. 

2. It will be necessary to add only red. 

3. It will be necessary to add both yellow and red. 

In the present lot of glasses approximate matches could be found in 
all cases by adding only red ” (‘Quasi equivalents,” n,, Column Iil, 
Table 1).7 It was realized, however, that in some cases we were 
dealing only with quasi (‘‘make-believe’’) matches forced by the in- 
posed condition that only red glasses were being added, with the 
object of obtaining the best practical match that could be obtained 
subject to this condition. It was apparent that, in these cases, a more 
satisfactory match would have been obtained by adding yellow (u 





%” The striking differences among these glasses appeared to be hue differences. 

#1 The quasi equivalents were determined by direct comparison, as just described, independently bytwo 
observers (DBJ and GKW), and all glasses for which these two values differed by more than 0.05R (1! out 
of the 65) were retested. ‘Then the quasi equivalents were checked independently by a different observe 
(IGP) using a different method and different apparatus. (For a description of this apparatus, see J. Up! 
Soc. Am. and Rev. Sci. Inst., 8, pp. 178-200; January, 1924.) In this method the dominant-wave-leng! 
difference between the standard 35Y glass and each test glass was determined and then converted into Lov: 
bond red difference by multiplying by the proper factor (0.5) as determined by previous investigatio. 
Although each final dominant-wave-length difference was the average of 20 independent settings of the 
difference, which is about as many settings as entered into the direct determination (by DBJ and GKW) 
of the quasi equivalents, it was found that the values of quasi equivalent obtained via dominant wave 
length were not as reliable as those determined directly, due to. uncertainties inherent in the metboé. 
Hence, in combining the two sets of data, the values of quasi equivalent from direct comparison were give 
three times the weight of those obtained via dominant wave length. The resulting average values, inf: 
enced slightly by the values of rigorous equivalent (to be discussed presently), are recorded in Colum 
III, Table 1, 
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ddition to the red) either to the standard or to the glass being 
ested; and these cases were recorded as observations were being 
made.” However, to have selected by trial and error both the yellow 
nd red requisite to obtain the best match would have been an exceed- 

cly laborious and time-consuming task, almost impossible of 
ecurate execution because of the approximate empiric equivalence 
»f small differences in yellow and small differences in red (Section 

I, 2). 

This difficulty was circumvented by use of the above-mentioned 
mmpiric formula (2) for finding the yellow-scale numeral (Section V, 2). 
The yellow components (N’’) in the “rigorous equivalents” (N’’Y 
,,.R) given in Column II of Table 1 were obtained by this formula 
rom measured values of T9 and Ts.% The red components, n,, 
n the ‘rigorous equivalents” (N’’Y n,R) are to be understood in 
experimental terms as follows: 

1. Direct comparison of glasses is made by means of the Martens 
photometer as before. 

2. The standard 35Y is placed to cover one half of the field and 
he glass being calibrated to cover the other half. 

3. On the basis of the yellow-scale numeral already computed for 
he glass being calibrated (N’’ of equation (2)), standard yellow 

asses * are combined with the standard or with the glass being 
ested so that the sums of the yellow-scale numerals pertaining, 
espectively, to the two halves of the field are equal. 

4. The field is then scrutinized (brightness being independently 
djusted by the observer). 

5. If the two halves of the field should seem perfectly matched in 

| respects, this direct comparison of colors would merely serve as 
2 check on the computed value of N’’, and no red correction would 
be required. (No such glass was found, however.) 

6. If red glasses are required to complete the match, they are 
added, by trial and error, to one side or the other until a match is 
found. This correction in Lovibond red units is the red component 
(n,) of the rigorous equivalent (N’’Y n,R) recorded in Column II of 
Table 1. 





” In most of these cases (34 out of 38) it seemed that more yellow should be added to the glass being tested. 

“In finding the quasi equivalents, notes were made concerning the saturation equivalence (the neces- 
sity of adding yellow as mentioned before) of the standard 35Y and the glass combination being tested. 
Subsequent analysis of these notes showed them to be in close agreement with the values of N” from 
rmula (2); that is, whenever the note was to the effect that the test combination was more saturated 
han the standard 35Y, it was also true that N’”’ was considerably greater (greater by at least three units) 

an 35; and whenever the note was to the effect that the test combination was less saturated than the 
Standard 35Y, it was also true with but two exceptions that N’”” was smaller (by at least three units) than 
8. Furthermore, in obtaining (by the method about to be described) the rigorous red equivalent, n-, no 
Saturation differences could be detected in any case. Hence, it may be said that, although N” was not 
determined by direct experimentation, the formula from which it was determined has been verified by 
extensive direct comparison. 

* Carefully selected to have practically a zero hue error, 
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The foregoing six steps constitute an idealized description of the 
procedure leading up to the rigorous red equivalent (n,). Th 
values which appear in Column II of Table 1 are not quite the sane 
as those obtained experimentally by this procedure but have heey 
influenced by the experimental values of the quasi red equivalent; 
(mq), thus: 

In comparing the experimental values of n, (designated n’,) with 
the experimental values of n, (designated n’,) it was found that 
n’, could be computed from n’, with good approximation according ty 
the relation: 


n’ =n’ 4+ (85— N’’)/50 — 0.06 


where N”’ is the yellow component of the rigorous equivalent. | 
was also found true (though not with such good approximation) that 


n’,=AA/2+ (35— N’’)/50—0.13 


where AA is the difference in dominant wave length in millimicrons 
between each test glass and the standard 35Y glass. 

It is apparent that neither of these two relations which hold approx- 
imately for the experimental values (n’,, n’g, and AA/2) can apply 
at all closely to the adopted values (n, and nq), because, from its 
definition, the quasi equivalent (n,) is equal to the rigorous red 
equivalent (n,) when the yellow component of the rigorous equivalent 
(N’’) is equal to 35. We attribute the constants, —0.06 and —0.13, 
which should be zero if the true standard 35Y had been available for 
all three comparisons, largely to the fact that the standard 35Y was 
in these three cases evaluated via three different working standards.* 
If these three working standards had been correctly evaluated, the 
constants which actually turned out to be —0.06 and —0.13 would 
have been nearly zero; hence, it seems reasonable to conclude that the 
grades of these working standards found by computation from their 
spectral transmissions are relatively somewhat in error.” This con- 
clusion has been verified independently as follows: 


ooo - —_— — — eeeenmeni —_——— 





To obtain the values of n'’:, 35Y B.S. 10200 LY B. S. test 1980 was used; for n’q, 35Y Trevithick By Gibecs 
No. 8; and for AA/2, 35Y B. S. test 41980. 

* The extent of the error is not greater than might be accounted for by (1) the measurement of the working 
standards at different times at unnoted room temperatures, and (2) their imperfect optical nature. 

1. A 25° C. change in temperature has been shown (Judd, B. S. Jour. Research, 1 (RP31), p. 8%, 
November, 1928) to change the color of 35 yellow by an amount equal to 0.2R+3Y. The three glasses wer 
measured spectrophotometrically at different times, and experience has shown that a 5° C. change in the 
room where the measurements were made often occurs from one day or week ‘o another. 

2. Only by repeated extensive measurements can a perfect optical sample be guaranteed correct in spe- 
tral transmission to better than 1 per cent throughout. The spectral transmissions of any of these three 
25-yellow glasses (except possibly B. S. test 41960, which has been more carefully measured than the other 
two) may well be uncertain by lor 2 percent. The total selectivity in a 0.13R glass (that is, the difference 
between maximum and minimum transmission) is but 3 per cent. Furthermore, the spectrophotometric 
data refer to unidirectional illumination of a small area near the centers of the glasses, while the illumination 
under which these glasses wére used as working standards was diffuse and affected a somewhat different 
area, 
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1. Direct comparison of 35Y p, gs, test 41060 With 35Y p. gs. 12000 1Yp. sg. 
eat io DY two observers gave an average value of —0.12 as the error 
in the red correction of the latter relative to the former. 

2. A somewhat more indirect comparison of these two standards 
was afforded by some previous experimental measurements of domi- 
aant wave length. By this method the corresponding relative error 
in the red corrections was obtained as — 0.175. 

Although both of these independent determinations (—0.12R and 
—(0.175R) of the relative error are in good agreement with the error 
(-0.13) determined indirectly from the grading of these 65 test 
classes, neither one is comparable to it in reliability, because neither 
involves nearly so many readings. The less reliable independent 
determinations are of value, however, as a closing check. 

The relation which the adopted values of n, and n, should follow 
is, therefore— 

Ny=Nq+t (35— N’’)/50 (3) 


We have, then, three experimental evaluations of the red component 
of the rigorous equivalent: 


(a) n’, 
(6) n’,+(85— N’’)/50, and 
(c) AA/2+ (35— N’’)/50. 


However, from the relations already given, we know that the average 
value from (a) for the 65 glasses is lower than the average value 
from (b) by 0.06, which, in turn, is lower by 0.07 than the average 
value from (c), these differences being ascribable mostly to uncer- 
tainty in the evaluation of the working standards. Accordingly, the 
(a) values (n’,) were all raised, for the purpose of averaging, by 0.06, 
while the (c) values (via AA) were lowered by 0.07. 

As to the question of weights in taking this average, the (a) values 
were taken as of two-thirds the importance of the (6) values, because, 
while the (a) values resulted from an experimental method roughly 
twice as reliable (due to absence of saturation difference) as that 
resulting in the (6) values, only about one-third as many readings 
were involved. The (6) values were taken as of three times the im- 
portance of the (c) values for reasons previously discussed. (See 
footnote 21, p. 808.) The value of n, (Column II, Table 1) for each 
glass was, therefore, computed as— 


n,=1/3 [n’,+0.06] + 1/2 [n’,+ (35— N’’)/50] 
+1/6 [AA/2+ (35— N’’)/50—0.07]. 


The value of nq for each glass was then computed from equation (3), 
but the experimental data were so congruent that in no case did the 
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value of n, so computed differ from n’, (experimentally determined) 
by more than 0.04. The average absolute value of (ng—n’,) was 
found to be 0.01). 


VI. SYNOPSIS OF RESULTS OF CALIBRATION 


The essential results of the measurements made on the glasses ar 
shown in Columns II, III, IV, and V of Table 1. Columns VI, VII, 
and VIII show certain ratios of transmissions (computed from Ci. 
umns IV and V) which are of interest as criteria of the imperfections 
of the glasses in their present condition. The remainder of this report 
will be devoted to explaining these data and pointing out their 


significance. | 
1. SUNLIGHT TRANSMISSION 


Columns IV and V give the sunlight transmission for two different 
conditions of illumination. Ty (Column IV) is the sunlight trans. 
mission for an approximately unidirectional beam incident normal to 
the face of the glass.” 7'p (Column V) is the transmission for diffuse 
illumination, literally, the ratio of the brightness of a diffusing sur. 
face (milk glass) viewed through the glass to the brightness oi the 
same surface viewed directly. If the glasses were optically clear” 
plates bounded by perfectly polished plane and parallel surfaces, and 
if the photometric measurements were free from error, the difference 
Ty — Tp (and, consequently, the ratio (Jy—T7'p)/Tv), would be zero. 
Column VI shows the difference, Ty—T>p, in parts per hundred of 
Ty. The departures from zero (plus or minus) are probably due 
largely to the imperfections of the glasses themselves (scratches, 
haze, departures of the surfaces from planeness and parallelism), 
although they may be, in part, due to the unavoidable uncertainties 
of photometric measurement. The following comments are in order: 

1. The very small algebraic average value of (Ty— Tp)/Ty (4.0.13 
per cent) shows that there is no significant systematic difference 
between Ty and 7p. 

2. Values of (7y—Tp)/Ty less than 1 per cent may be dismissed 
without further notice. 

3. If the glasses were to be used (in connection with precise photo- 
metric measurements) in grading oils by transmission as well as by 
hue and saturation, it would be advisable to calibrate more carefully 
all glasses for which (Ty— T'p)/Tvy is greater than 1 per cent. 

4. Under the present customary conditions of using the glasses, 
no attention need be paid to values of (Ty—Tp)/Ty less than 10 
per cent. 





" The given values of T'y were computed by formula (1) given in Section V, 1 above. 

% The given values of Tp were obtained by measuring the transmission of each glass relative tos glass 
of known transmission. These measurements were made by means of the Martens photometer. Th¢ 
known glass was B. S. 10289B, and its sunlight transmission was taken as 0.6183. 

#” Free from scratches, haze, and all imperfections causing diffusion of light. 
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5. In the two cases (AOCS Nos. 41 and 97) in which (Ty— Tp)/Ty 
is greater than 10 per cent it is recommended that the glasses be 
discarded. These large negative values of (Jy—T'p)/Ty are readily 
explained by the fact that these glasses are very badly scratched. 
They are obviously unfit to be used in color grading to which any 
importance is attached. 

Column VII gives the percentage difference between the sunlight 
transmission of each glass and the sunlight transmission for the 
standard 35Y. Column VIII gives the percentage difference be- 
tween the sunlight transmission of each glass and the sunlight trans- 
mission proper to the yellow numeral given in Column II. If these 
glasses are used (in connection with suitable photometric apparatus) 
to grade oils in terms of transmission as well as hue and saturation, 
due account should be taken of the data given in Columns VII and 
VIII. Itis noted that the following glasses have strikingly abnormal 
transmissions: AOCS Nos. 27, 31, 41, 97, 125, 131 (Column VIII). 
Under the present customary conditions of using the glasses, no 
attention need be paid to these data. 

Incidentally, the algebraic mean of the differences given in Column 
VIII affords a kind of check on the values of N’’ given in Column II. 
The argument is as follows: In the average the actual sunlight 
transmission of these glasses (7) is 0.6 per cent (foot of Column 
VIII) higher than the transmission proper to the values of N’’ given 
inColumn II. Referring to Figure 15, page 46, Bureau of Standards 
Scientific Paper No. 547, we readily see that a 10 per cent difference 
in transmission (that is, a difference of 0.06 at a value of transmission 
equal to 0.6) corresponds to a difference of about 12 in N”’ at this 
point (32) on the yellow scale. Hence, a difference of 0.6 per cent 
corresponds to a difference of about 0.7 in N’’. In other words, in 
the average, the sunlight transmissions found for the glasses check 
the given values of N’’ to within less than one unit on the yellow 
scale. At this point on the yellow scale one unit is less than the 
least perceptible difference. It appears then that if we had obtained 
N”’ by calibration in terms of sunlight transmission, we would have 
obtained for all practical purposes the same average value of N”’ as 
has been obtained by the method actually used to obtain N’’ (equa- 
tion (2) above).%° 





“It may be noted that one item of experimental data ( 7's) is common to the formula for transmission 
{equation (1)) and the formula for N” (equation (2)). It is therefore in order to inquire whether this cir- 
cumstance may in itself account for the good agreement just mentioned and render it of no real significance. 
Assume a positive error in Tye. Examination of equations (1) and‘(2) shows that this would result in 
positive errors in both Ty and N”. But, we know that the sunlight transmission decreases as the scale num- 
eral increases. It is therefore apparent that an error in 7's would prevent the obtaining of concordant results 
in the computed values of Ty and N”. Hence, it follows that the concordant results obtained are not a 
mere mathematical necessity due to entering the same item of data ( 7's) in the two formulas; on the con- 
trary, concordant results in 7 and N” can only be obtained when that item of data is correct. 
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2. RED AND YELLOW EQUIVALENTS 


The data in Columns II and III are to be understood as follows: 

Brightness being independently equated, the glass designated by 
AOCS No. in Column I would be accurately matched by the combing. 
tion of standard yellow and red given in Column II, and approx 
mately matched by the quasi equivalent given in Column IIT."! 

These yellow and red equivalents are connected (as stated before 
by relation (3) which may be rewritten: 


Ng — N, = (N”’ —35)/50 


or, stated in words, the difference between the red equivalents js 
equal to one-fiftieth the difference between the yellow equivalents, 
From this relation it is apparent that 5 yellow may be, in a sense, 
substituted for 0.1 red. What is meant by this may be most clearly 
explained by an experiment. Let the two halves of a photometric 
field (for example, the Martens photometer field) be perfectly matched 
at 35Y. Add 0.1K to one side and match the brightness; there will 
be a very small but perceptible difference in color. It will be seen 
that the addition of 0.1R has made the field redder and more satu- 
rated. Remove the red and let the two halves again be perfectly 
matched at 35Y. Add 5Y to one side and match the brightness 
again; there will again be a very small but perceptible difference in 
color, apparently of much the same nature as before; that is, the 
addition of 5Y also makes the field redder and more saturated. In 
a certain limited sense, then, there is an equivalence between red and 
yellow. This quasi equivalence is, however, a thing to be warned 
against rather than a thing to be used. The true meaning of this 
approximate equivalence may be stated as follows: 

Consider a two-part photometric field of which the two halves are, 
respectively, 35Y and 40Y. A perfect match would be obtained by 
adding 5Y to the first half. Let it be required, however, just as in 
grading oils on the 35Y +R scale, to obtain the closest approxima- 
tion to a match possible by adding red and only red. It will be 
found that adding about 0.1R gives the best practical approximation 
to a match. It will readily be admitted that 35Y+0.2R is redder 
than 40Y and that 35Y alone is less red than 40Y. It must also be 
admitted, however, that 35Y+-0.1R does not match 40Y exactl) 





41 A minus sign preceding the red component indicates that it is to be combined with the test glass 
umn I) to match the yellow glass designated in Column II or Column III. The condition of equa! brig! 
ness may be approximated by combining a plate of clear nonabsorbing glass with the single yellow gs 
which is being compared with the two-glass combination of ygllow and red, 
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js stated before, the addition of 5Y to 35Y increases both the red- 
ness and the saturation just as the addition of 0.1R does; but the 
whole truth includes the statement that the redness increment pro- 
duced by 5Y is smaller than that produced by 0.1R, while the satu- 
ration increment is larger. Hence, when 40Y is compared to 35Y + 
(.1R it seems less red (that is, greener) and more saturated. More- 
over, if 7.6R be now added to both sides, the relative greenness of 
40Y+7.6R becomes more obvious. In fact, 35Y+7.7R is not the 
best practical approximation to a match for 40Y +7.6R; indeed the 
latter is more nearly matched by 35Y+7.5R. In other words, the 
addition of 5Y, which, at 35Y, is the practical equivalent of adding 
0.1R, is, on the contrary, at 35Y+7.6R the practical equivalent of 
subtracting about 0.1R. The fallacy of using, without reservation, 
the ‘‘quasi equivalent,” ng, (Column ITI) for color grading oils should 
be quite apparent. A true 40Y glass would have a quasi equivalent 
of 35Y + 0.1R for grading an oil of color about 35Y; but for the pur- 
pose of grading an oil of color about 35Y+7.6R, the true 40Y glass 
would have to be given a quasi equivalent of 35Y minus an amount 
(perhaps about 0.1 unit) of red. Thus, the added yellow strength 
(5Y) which adds to the red strength at 35Y subtracts from it at 
35Y +7.6R; furthermore, the amount of this addition or subtraction 
is not constant but varies along the whole 35Y+nR scale. The 
quasi equivalents, therefore, can not be used for color grading unless 
NY” (in the rigorous equivalent) is nearly equal to 35, and, in this 
case, the rigorous equivalent may about as well be used, because the 
two are nearly the same. The values of the quasi equivalents 
(35Y ngR, Column ITI) are included only because they are satis- 
factory for use in grading oils between 35Y and 35Y+1R. Even 
for these oils the quasi equivalents become unsatisfactory when N’’ 
departs too much from 35, their applicability being questionable when 
N” differs from 35 by more than about three units. 

The rigorous equivalent is the strictly correct one; it is applicable 
to all cases. 


3. APPLICATION TO THE COLOR GRADING OF OIL 


The application of the results here given to the practical problem 
of color grading oil must be considered under two separate headings, 


Biz: 


A. Use of glasses under conditions which permit of the highest 
attainable accuracy. 


B. Use of glasses under the present conditions customary in the 
oll trade. 
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These two sets of conditions may be contrasted as follows: 


A 


Conditions permitting of highest attain- 
able accuracy 


1. Use of a color comparator in 
which the two fields showing, respec- 
tively, the color of the oil and the color 
of the glasses are viewed in close jux- 
taposition so that when the fields are 
matched there is no visible line sepa- 
rating them. 

2. Use of a comparator which per- 
mits of matching the brightnesses of 
the two fields by an adjustment inde- 
pendent of the oil and glasses (for ex- 
ample, the Martens photometer). 

3. Rules which permit of varying 
yellow as well as red so as to make it 
possible to obtain a match in saturation 
as well as hue; that is, a complete color 
match. 

4. Illumination by standard rti- 
ficial sunlight, with most favorable 
field brightness. 

5. Grading by observers who have 
been proven normal in their color 
sense and particularly in their ability 
to perceive small differences in color. 


B 


Present customary conditions 


1. Use of a color comparator (‘tint 
ometer’’) in which the two fields ay 
separated by a considerable distance 
or, at least, by a visible coarse line 
whieh does not disappear, 


2. Use of a color comparator witb. 
out any device for matching brightness 


3. Arbitrary selection of yellow glass, 
obtaining closest approximation t 
match, subject to condition of \ 
only red. 


arying 


4. Illumination not standardized wit) 
regard to either quality or field 
brightness. 

5. Grading by untested observers. 


We now proceed to the discussion of the use of the glasses and the 
equivalents here given under these two sets of conditions. 

A. Conditions of Observation Permitting of Highest Obtainable 

Accuracy. 

To give a definite example, we will assume an oil sample which 

may be perfectly matched by yellow between 25 and 45 with the 


addition of red between 0 and 20. 


To obtain the Lovibond equivalent 


of ye oil in red and yellow, proceed as follows: 
Have at hand the following Lovibond glasses: 
in of these standardized yellow glasses (nominally 35 and really 


not much different from 35). 


A group of yellow glasses ranging from 0 to 10 (such as 2, 4, 6,8 


and 1Q). 


A group of red glasses ranging from 0 to 20 (such as 0.1, 0.2, (6 
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 2.0, 3.0, 4.0, 7.0, 12.0, and 17.0). 


Five zero glasses. 


2. Match the oil with red and yellow glasses by trial and erro, 


subject to the following conditions: 
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(a) The added red must consist of a combination of not more than 
three red glasses. 

(6) The added yellow (that is, in addition to the nominal 35Y glass) 
must consist of one glass only, this glass being added either to the oil 
or to the other glasses, whichever is needed to give a perfect match 
(that is, a saturation match as well as a hue match). 

(c) The number of glass plates in each path should be constant 
during all observations,” zero glasses being substituted for either red 
or yellow when they are removed.” 

(d) All judgments of match are to be made at (or near) a bright- 
ness match to be obtained by suitable instrumental adjustment. 

3. Specify the quality of the color of the oil** by (a) the equivalent 
shown in yellow and red in Column II of Table 1 for the calibrated 
glass in question; (b) plus the added red; (c) plus or minus the added 
yellow, the plus sign applying if this yellow was added to the other 
glasses, and the minus sign applying if it was added to the oil. 

Or, in symbols, the result will be— 


(N’ + N)Y+(n,+n)R 
where 
N” and n, are taken from Column II of Table 1; and 
N is the numeral of the added yellow glass (assuming it has no 
sensible ‘‘red correction’’), N being positive if added to the 
other glasses and negative if added to the oil sample; and 
nis the sum of the numerals of the added red glasses. 

The above procedure takes care of specifying the quality of color 
(involving hue and saturation) but gives no information concerning 
brilliance, which depends upon the transmission of the oil. If it is 
desired to report the transmission of the oil, in addition to its color 
quality on the Lovibond scale, this may be computed by taking 
account of (a) the transmission of the glasses, and (5) the photom- 
eter (Martens) scale reading for brightness match.* 





"It may not be obvious, either in the standardization of Lovibond glasses or in the grading of oils as here 
outlined, why there is need for the use of zero glasses when a photometer is available for equating bright- 
nesses. The purpose is to avoid the possibility of error, even though slight, introduced as a result of the 
multiple reflections that take place between the various surfaces. Any such error is avoided in the stand- 
ardization of Lovibond glasses by keeping the number of glass plates combined with the standard equal 
to the number combined with the test glass. 

However, in the grading of oils in terms of Lovibond glasses the experimental conditions under which the 
match is obtained must of necessity be somewhat arbitrary, and there would be no point in specifying that 
the numbers of surfaces in the sample path and the glass path be equal. The scheme outlined keeps the 
number of reflecting surfaces constant in each beam for all oil samples and thus avoids any possibility 
of this error entering into the grading of one oil relative to another. 

* This will mean that at the start there will be (1) on the oil side, one zero glass (to be replaced by 
yellow later if found necessary); and (2), on the glass side, the approximate 35Y glass with four zero 
Classes one of which is to be replaced by yellow later if found necessary and three of which may be replaced 
by red). 

* Quality takes aceount of both hue and saturation but not brilliance. 

* To discuss this in detail would take us beyond the scope of the present paper, and the discussion would 
not be seasonable until the interested parties demand a report on transmission. We merely point out the 
possibility here, 
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B. Under Present Customary Conditions of Using the Glasses, 


Under these conditions it is to be expected that an observer wh 
can detect a difference of 0.2R under favorable conditions will ofte; 
make errors as large as 0.5R even with glasses accurately specific 
by their attached numerals. With the frequent occurrence of errox 
as large as 0.5R due to the method of using the glasses, it is plainly 
useless to apply corrections of only 0.1R and 0.2R. Perhaps j 
would be advisable to use glasses having n, (Column II, Table 1) 
greater than 0.2 (about 25 glasses of the 65) with some caution jj 
critical cases where some refinement of the customary methods js 
used. Seven glasses (AOCS Nos. 27, 31, 41, 97, 119, 125, and 131) 
should likewise be regarded with suspicion under similar circu. 
stances for reasons cited in detail in Column XII of Table 1 (gm 
notes at foot of the table).*” But, under the present customan 
conditions of grading oils, all of the glasses, with the possible cx. 
ception of three (AOCS Nos. 41, 97, and 119) whose surfaces ar 
badly marred, may be regarded as practically equivalent to standan 
35 yellow. 


VII. GENERAL CONCLUSIONS 


1. It is clear (from the algebraic mean, foot of Column II, Table |) 
that the average equivalent of these 65 glasses is not in precise accord 
with the standard 35 yellow derived by Priest and Gibson from the 


Bureau of Standards set (B. S. 9940) obtained from the Lovibond 
establishment. On the other hand, the discrepancy is certainly not 
more than two or three times the least difference perceptible with 
certainty by the best observers under the most favorable conditions 
of observation.® 

2. Of course, if their own average were taken as standard instead 
of the standard arbitrarily adopted, the “errors” for most of the 
glasses would be notably decreased. With a very few possible 
exceptions, the uniformity of these glasses is quite as good as coull 
be required or expected in order to comport with the purposes and 
methods of use for which they were intended by the makers. The 


* Actual tests carried out in May, 1928, in connection with the convention of the A. 0. C. S. at Ner 
Orleans disclosed many such errors. A report on these tests is in preparation. 

%’ The glasses having notably abnormal transmissions may be troublesome in instruments in whid 
the fields are close together. 

%8 The idea occurs that it might seem reasonable to adopt the average as standard instead of the standar’ 
which has been adopted. It must be remembered, however, that the present standard 35Y is only one of! 
series of standard yellow glasses (varying from 0 to 40 in Lovibond numeral) specified indirectly by thes 
of glasses (B. S. 9940) possessed by the Bureau of Standards. If the present standard 35Y be rejected 2 
favor of a new standard, we must reject also the entire series of old standards; hence, there would be availsbit 
no specifications by which departures from the new standard 35Y could be expressed. The logical way" 
use the average value of the present lot of nominal 35Y glasses as a factor in the specification of a new stant 
ard 35Y would be to investigate equally large numbers of yellow glasses of other grades and to redeterm# 
standard specifications of the entire yellow scale. Such a plan is plainly unfeasible. Furthermore, the 
present standards undoubtedly approximate closely to those which would result from carrying out such s 
plan. 
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irregularities found and reported here have only been discovered by 
methods of observation greatly exceeding in sensibility and accuracy 
the methods of color matching contemplated by the makers and the 
methods actually used by the oil chemists in grading oils. 

3. With the possible exception of three badly marred glasses, all of 
the glasses are considered fit to be regarded as equivalent to standard 
35 yellow under the present customary conditions of grading oils.” 

4. An outstanding result of this investigation is the conclusion 
that the discrepancies of color grading which have troubled the oil 
trade can not be charged to lack of uniformity among the 35-yellow 
glasses. The sources of these troubles are rather to be sought in 
the following factors: 

(2) Unstandardized, nonuniform, and insensitive methods of com- 
paring the oil samples with the glasses. 

(b) Grading of oil by observers having abnormal color sense or 
low power of hue discrimination. 

(c) Errors in the red glasses. 

It seems just to assume that this rather large collection of glasses 
constitutes a fair sample of 35-yellow glasses issued by the Lovibond 
establishment and in use in the oil trade in the United States. If 
this be admitted, it seems superfluous to test individual 35-yellow 
glasses further under present conditions. The chance of finding one 
with an error great enough to be of consequence in comparison with 
the other uncertainties just mentioned is very small. After the above- 
mentioned sources of error have been eliminated in practice, it will be 
due season to reconsider the calibration of 35-yellow glasses if it 
then appears necessary. In the meantime, it may well be considered 
legitimate to accept on faith the 35-yellow glasses as issued by the 
Lovibond establishment. 


WasHiIncton, August, 1927, to November, 1928. 





* The point to this recommendation is not that the glasses are perfect from the point of view of precision 
Jibration, but that the errors found are negligible in comparison with the uncertainties inherent in the 
M nethods of using the glasses. When more reliable and precise methods of grading are adopted, 
t will be in order to consider using the precise equivalents which are given for each glass. Of course, even 
nder present conditions, the glasses which approach more nearly standard 35 yellow may, perhaps, be 
egarded with somewhat greater satisfaction and respect by those who use them. The detailed data given 
n Table 1 of the report will enable such glasses to be identified. 


* 
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THE COMPRESSIVE AND TRANSVERSE STRENGTH 
OF BRICK 


By J. W. McBurney 


ABSTRACT 


This paper reports the compressive strength flat and on edge and the trans- 
verse strength of 27 makes of bricks covering a range of conditions in method 
of manufacture and degree of burning. The attempt is made to correlate the 
yariation in ratios of these different measures of strength with the various 
structural features of the brick. 
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I. INTRODUCTION 


In a previous paper‘ the author makes the following statement: 
“The various measures of the strength of brick, compressive flatwiy 
and on edge, transverse, tensile, and shearing vary in their relation 
one to another for different makes of brick.” This statement was 
based upon the consideration of but five makes of bricks. The pur. 
pose of the present paper is to present data representing a range of 
conditions and determine if possible what are the factors influencing 
variation in relation of certain strength measures. A secondary puwr- 
pose is that of determining the degree of justification for the prac. 
tice followed in certain specifications where but one of these strength 
measures (usually the transverse strength) is used. Apparently it 
is assumed either that the various strength measures are so related 
that one can serve as a measure of the others or that the one selected 
has a sufficiently close relation to the strength of the masonry t 
justify the omission of the other strength tests. 


II. REVIEW OF LITERATURE 


Confining consideration to tests reported for the United States 
and Canada and taking them in chronological order the more in- 
portant contributions where two or more strength tests of brick are 
compared are as follows: 

Bleininger* reports 176 tests on brick collected in a district cover: 
ing a radius of 150 miles from Washington, D. C. His values repre- 
sent half bricks tested in compression flatwise and edgewise. He 
states that “the bricks tested were of the harder grade, and practi- 
cally all of them were made by the stiff-mud process. * * * Both 
shale and clay bricks are represented.” No information was provided 
as to whether given specimens were side cut or end cut, nor was infor- 
mation provided as to laminar structure. On the basis of these 176 
tests, the average ratio of compressive strength flat to compressive 
strength on edge is given as 1.153, and “ individual tests vary widely 
from the average ratio.” From an inspection of Bleininger’s graph 
it is evident that there is much less scattering of ratios for the clay 
bricks than for the shale bricks. He stated in the discussion “ some 
of the end-cut bricks were stronger when tested on edge than when 
subjected to the load in the flat condition. Most of the side-cut bricks 
showed the opposite to be the case.” Ries* reports results of con- 
pressive flat and on edge and transverse tests on 16 makes of bricks 
These bricks are classified as dry-press, soft-mud, and _stiff-mud 
manufacture. 





1 The Effect of Strength of Brick on Compressive Strength of Brick Masonry, Proc. Am 
Soc. for Test. Materials, pt. 2, pp. 605-625 ; 1928. 

2A. V. Bleininger, The Relation Between the Porosity and Crushing Strength of Clay 
Products, Trans. Am. Cer. Soc., 12, pp. 564-584; 1910. 

*H. Ries, Results of Tests on Some Bricks from the Province of Western Canada, Tral® 
Am. Cer. Soc., 14, pp. 82-86; 1912. 
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Committee C-3 on Brick of the American Society for Testing 
Materials * in its report for 1915 presents results of compression tests 
flatwise and transverse tests of brick. Unfortunately the data as to 
method of manufacture are incomplete. Williams® reports 14 sets 
of tests on soft-mud and 20 sets of tests on stiff-mud bricks. These 
test values are for compressive strength on edge and transverse 
strength. 

Orton ® reports an elaborate series of comparisons between the com- 
pressive strength of half bricks tested flatwise and edgewise, 


III. SOURCE OF SAMPLES 


Table 1 gives values for the transverse strength, compressive flat- 
wise strength, and compressive edgewise strength of 27 makes of 
bricks, arranged according to method of manufacture. 

Samples Nos. 2A, 6, 183A, and 14A represent random samplings 
from large shipments. It will be noted that for these the number 
of specimens tested are 50 or more. The values for samples 7 and 
17A are the averages from tests of 50 specimens selected from ship- 
ments of 300 bricks of each type. The rest of the specimens repre- 
sent samples of a few bricks each supplied by the manufacturer. In 
all cases, however, each sample number is confined to a single grade 
of a given manufacturer. None of the samples represent “run of 
kiln.” 

The data of Table 1 represent tests made by the author at the 
National Bureau of Standards, 


TABLE 1.—Transverse and compressive strengths of bricks 





| Compressive ‘ 
strength, half bricks Ratios 


_/ - "Set RTS See bs a ae i 
of Modulus | Modulus | Compres- 
rupture of rupture/of rupture} sive fiat 
Edge to com- | tocom- | to com- 
pressive | pressive | pressive 
flat edge 


Num 

Method of manu- 
ber of factur 
tests t 


Sample No. 





Lbs./in.? | Lbs./in.2 
5, 760 5, 413 0.195 | 0. 218 
3, 520 3, 630 .2277 | - .220 
1, 860 1, 142 070} =. 128 
18,980} 11,700; .106| .173 
7, 710 7,220; .11| .118 


7, 300 7, 300 .121 | . 121 
2, 430 2, 470 . 120 

2, 720 3, 082 . 189 | 

3, 320 3, 360 . 201 | 

3, 110 3, 169 . 157 | 

‘Proc. Am. Soc. for Test. Mats., 15, Pt. I, pp. 150-162; 1915. 

‘Ira A, Williams, Strength Tests of Oregon Building Brick, Trans. Am. Cer. Soc., 1%, 
D. 660-666 ; 1915. 

‘Edward Orton, jr., A Comparison Between the Absorption, Crushing Strength, and 
esistance to Freezing of Some Ohio Building Bricks, Trans. Am. Cer. Soc., 18, pp. 
86-760 ; 1916. 
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TABLE 1.—Transverse and compressive strengths of bricks—Continued 





Compressive 
strength, half bricks Ratios 
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.= Dry press. 
.=Semidry press. 
.=Soft mud. 

>, = Stiff mud, end cut. 
.= Stiff mud, side cut. 


IV. METHODS OF TESTING 


The tentative methods of testing brick (C67-27T) of the Amer- 
can Society for Testing Materials were followed. The half bricks 
from the transverse test were used in the compressive tests, one of 
the two halves from each brick being tested flatwise and the other 
on edge. Where the transverse tests gave a break which was oblique 
or otherwise irregular, the halves were trimmed by cutting or grin¢- 
ing. 

V. DESCRIPTION OF TEST SPECIMENS 


1. DRY PRESS BRICKS 


1. Well made and free from lamination. Sample supplied by 
manufacturer and represented “ well-burned ” color range, dark to 
light. 
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9A. Random samples from shipment of 52,000 “commons.” 
Granular texture, no laminations. Color reddish brown, surface 
clay. 

9B. Samples supplied by the manufacturer of 2A, but quite under- 
burned salmons. Weak and friable. Color pink to orange. 

3. This sample represents an experimental dry press brick formed 
and burned at the plant of a brick-machinery manufacturer. Nos. 
i9A and 19B represent the same shale and, in the opinion of the 
plant superintendent, 19A represents the same degree of vitrification 
as No. 3. 

2. SEMIDRY PRESS BRICKS 


4A. “Arch,” or “clinker.” Very considerably cracked and 
crazed. The cracks were apparently kiln cracks, since samples 4B 
and 4C were comparatively free from them. Some warpage. 

4B. “ Body ” brick corresponding to 4A. Much less evidence of 
kiln cracking. Good red in color. 

4C. The salmon of this manufacture. Orange in color. 


3. SOFT-MUD BRICK 


5. Manufacturer’s sample representing a considerable range of 
color. Some kiln cracking and warping. 

6. Random sample representing 18,000 “select common”; occa- 
sional nodules. The harder burned bricks (as judged by color) fre- 
quently showed kiln cracks normal to the long axis of the brick. 

7. Sample represents random sampling of shipment of 300 “ select 
common.” Brick characterized by a sandy core and numerous lime 
nodules in size up to three-quarters inch in diameter. It may be of 
interest to note that salmons corresponding to No. 7 were provided, 
but expansion of the nodules disrupted the specimens during drying. 
About one-third of specimens tested showed cracks. 

8. “ Typical common brick of district” in judgment of building 
inspector. Resembles No. 6 in appearance. Some irregular laminar 
structure, 

9. Also considered “typical common brick.” Very fine grained. 
Some small nodules. No noticeable laminar structure. 

10. One specimen. Nodules and cavities evident on examining 
cross sectiof. 

11. One specimen. Gave a very oblique break when tested trans- 
versely, 

12. One specimen. Nothing noted in way of lamination, nodules, 
or cavities, 

13A. Sample from shipment of 52,000 brick. It was impossible to 
distinguish any granular or laminated structure. Appearance as 
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of a fused body. Core colors different from outer portion of brick 
were quite common. Colors dark. 

13B. Salmons of 13A light orange. Weak. Original clay grain; 
easily distinguishable. 


4. STIFF MUD, END CUT 


14A. Double column. Due to lamination gave the appearance of 
being made of bundles of fibers running parallel to long axis of | 
brick. Frequently on compression a circular core extending the 
length of the brick would result from spalling of the sides. Black 
cores were common. The brick itself, aside from its structure, gave 
some evidence of being rather hard. Large lime nodules were con. 
mon. 
14B. The “ unmarketable salmon” of 14A. There was very little 
to distinguish it in appearance from 14A. Noticeably weaker. 

15. A manufacturer’s sample. Sample 15 is indistinguishable ip 
appearance and properties from 14A. It, however, comes from i 
different district. 

16A. “ Rough hard,” which is the local name for “the arch” or 
“clinker ” bricks of other districts. This brick showed much crack- 
ing, crazing, and warping, probably due to overburning. Little 
evidence of lamination. Such lamination as existed gave planes 
parallel to the broad face of the brick. 


16B. The “straight hard” or “body” brick corresponding to 
16A. Good red and free from cracking and crazing characterizing 
16A. Slight lamination as in 16A. 

16C. The salmon of the two preceding samples. Color was char 
acteristic of that which gave the name salmon. No cracking or 
crazing and otherwise resembled 16B. 


5. STIFF MUD, SIDE CUT 


17A. Random sample of 50 from manufacturer’s sample of 30. 
Well-made shale. Granular structure, no evidence of lamination. 
The entire sample was remarkably uniform in all its properties. 

17B. The salmon of 17A. Resembles 17A except for color and 
strength. 

18. Well-made characteristic shale. No evidence of lemination. 

19A. Manufacturer’s sample. Same shale and, in opinion of mant- 
facturer, same burning history as sample No. 3. No evidence of lami- 
nation. 

19B. Another sample from maker of 19A. From evidences of color 
and comparative water absorption 19B was not as hard burned 


19A. 
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9). Manufacturer’s sample “common.” No lamination evident. 
Shale brick, but from color and water absorption apparently not 
very hard burned 

91. Manufacturer’s sample of “ hard shale commons.” No lamina- 
tions. Degree of burning such that granular structure was prac- 
tically suppressed. 

994 and 22B. Together represent a vertical section of a down-draft 
kiln; 22A is the top half, 22B the lower half. From color and water 
absorption the grading is obvious. The structure is granular, with 
an appearance of what might be called internal crazing; small 
short cracks at irregular intervals and direction. Shale. 

93A. Manufacturer’s sample of “clinker.” Black glazed exte- 
rior, red interior. This and samples 23B and 23C were outstanding 
examples of die lamination. Apparently an imperfect mixture of 
two clays existed, and the laminar structure was very noticeable. 
Aside from lamination, sample 23A showed the cracking, crazing, 
and warping usually associated with clinker bricks. 

23B. The body brick corresponding to 23A. Highly die laminated, 
not so irregular as 23A. 

23C. The salmon corresponding to the two preceding sam- 
ples. Also laminated but little cracked. 

24A. Manufacturer’s sample offered as “face.” These represent 
the top portion of the kiln. Hard burned, unlaminated shale. 

24B. Lower portion of kiln. Marked “fillers” by manufacturer. 
Salmon color; otherwise description of 24A applies. 

25. One speciment side-cut clay. Some nodules, no lamination 
evident. 

26. One specimen. Some irregular lamination (auger), clay. 

27. One specimen. Clay, sandy texture, no lamination. 


VI. DISCUSSION OF RESULTS 


1. RELATION OF COMPRESSIVE STRENGTH FLATWISE TO 
COMPRESSIVE STRENGTH EDGEWISE 


Assuming that brick behaves like the Swiss sandstone tested by 
Bauschinger,’ the ratio of compressive strength flatwise to compres- 
sive strength edgewise would be 1.26. Actually, the data here pre- 
sented show. a wide variation. The two extremes for this ratio are 
0.74 for sample No. 13A and 2.26 for sample No. 23A. It is obvious 
that the structure of the brick is responsible for this variation, hence 
it is in order to examine these data for the purpose of seeing if there 
is any correlation between the structure of the brick and the ratio 
of compressive strength flatwise to compressive strength edgewise. 





*Johnson’s Materials of Construction, 6th ed., pp. 113-114. 
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Referring to the descriptions of the samples, it will be observed 
that the following data have been recorded: 

(a) Method of manufacture. 

(6) Kind of raw materials, clay or shale. 

(c) Presence or absence and character of laminations and cracks, 

(d) Presence or absence and character of nodules or other inclu. 
sions. 

(e) Character of texture; that is, granular, glassy, etc. 

(7) In some cases degree of burning is noted. 

In the opinion of the writer too much weight should not be given 
to differences within 10 per cent where the samples are small, due 
to the large variation in results due to sampling. 

(a) Errecr or Mernop or Formrne.—Considering the effect of 
method of forming on the ratio compressive strength flatwise to edge. 
wise, it would appear on the basis of the very limited series of dry. 
press specimens that the range for this ratio is from unity up to 
1.6. Increase in the ratio appears to be produced by pronounced 
underburning (note sample 2B in comparison with 2A). No obvi. 
ous explanation is noted for the high ratio of No. 3. It has been 
observed that excessive pressure in forming a dry-press brick will 
produce laminations or planes of weakness normal to the direction 
of the pressure. The results of Ries* give a range of from 1.06 
to 1.72 for five samples of dry-press bricks. 

The semidry press samples are close to unity for their ratio. The 
fact that the arch brick (4A) is somewhat stronger flat than on edge 
would seem explainable by its cracked and crazed structure. 

The soft-mud samples, with one exception (No. 9), were all 
stronger on edge than flat. 

The eight samples of soft-mud bricks reported on by Ries* were 
stronger on edge than flatwise. The five samples reported by Orton’ 
gave ratios varying from 0.93 to 1.18 for the hard and medium burns. 
It is evident from the data here presented that soft-mud bricks 
tend toward a lower ratio than characterizes the other methods of 
manufacture. Why this should be is not apparent. Soft-mud bricks 
are formed by light pressure in a mold at semiliquid consistency. 
No laminar structure or planes of weakness should be formed. They 
should show the effect of change in ratio of cross section to a height 
to give greater strength flatwise than edgewise. The only explans- 
tion that comes to mind is that these bricks are burned on edge and 
the pressure of the bricks may produce a consolidation in the line 
of the applied forces giving greater strength on edge than on flat. 
This possibility will be mentioned again in connection with the dis 
cussion of effect of degree of burning on the compressive-strength 





8 See footnote 3, p. 822, ® See footnote 7, p. 827. 
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ratio. Like the soft-mud bricks, the well-burned stiff-mud end-cut 
bricks were generally stronger on edge than on flat. The salmon 
stiff-mud end-cut show the reverse of this. 

The characteristic of side-cut bricks is that of being stronger flat 
than on edge. In general, the data of Orton and Ries confirm this. 

(b) Errecr or Krnp or Raw Marertat.—It is not considered that 
these data are sufficient to warrant any conclusions as to differences 
between clays and shales which may affect the ratio of compressive 
strengths flat to compressive strength on edge. It should be remem- 
bered that the type of raw material is usually the consideration that 
determines the method of forming. 

(c) Presence AND CHaracter or Lamtnations AND Cracks.—Con- 
sidering the same clay molded by different processes, the presence or 
absence of laminations in its various degrees is largely a result of 


DIRECTION OF FLOW 

















the methods of manufacture. Soft-mud bricks should be practically 
free from lamination. Stiff-mud bricks may be substantially free 
from laminations or may have a highly laminar structure. Dry- 
press bricks may develop planes of weakness normal to the direction 
of the applied pressure, when improperly pressed. 

Considering a laminated side-cut brick, the flow of material in the 
die is normal to the large face. Hence, the planes of lamination 
would, in general, be normal to the large face. It would appear 
reasonable to expect that a small prism, such as A in Figure 1, would 
have a greater strength than B, due to the compacting of the grains 
in the case of prism A and their separation due to differential flow 
in the case of prism B. It is conceived that burning on edge may 
have an effect toward overcoming this tendency, which may explain 
the occasional reversal of the ratio. ‘lhe presence of irregular crack- 
ing and crazing, such as frequently characterize clinker bricks, would 
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seem to offer an explanation of high ratios of flat to edge compressiy, 
strength. Surface cracks would be expected to have a greater effeg 
on the compressive strength when the bricks were tested on edge 
because the portions cracked would occupy a greater percentage of 
the sectional area than when the bricks were tested flatwise, 

(d) Errzcr or Noputes.—Presence or absence of nodules does noi 
appear to have any definite effect on the relation between the tyo 
compressive strengths. However, it is possible that if a nodule, in. 
clusion, or core were of a size such that it represented a considerable 
portion of the cross section of the brick and were of a different 
strength, then an effect would be produced on the relative compre. 
sive strength flatwise to edgewise by the difference in percentage of 
the two materials effective for the two cross sections. Figure 2 shows 

schematically a cross section 

normal to the long axis of 
Y sample No. 13A. The core in 
this case is due to lack of 
complete oxidation. Assum- 
ing that the outer portion 4 
is stronger than the inner por- 
tion B, it is evident from the 


‘ diagram that a greater per- 








centage of the cross section 
along the line #—-~—~-~z is of 
' material A than is the caw 
for the cross section y-~-y. 
‘ If this difference in strength 
Y, exists, this would appear to 
explain the low ratio (0.742) 
for sample 13A. 

(e) CHaracter OF Texture.—The character of the texture does not 
appear to be related to variation in the ratio of the two compressive 
strengths. In general, a vitreous structure is associated with high 
compressive strength and an open, granular, poorly bonded structure 
has low strength. But extremes of ratios are associated with both 
types of structures. 

(f) Decrees or Burntnc.—A casual inspection of the data wher 
the product of the kiln is classified into arch, body, and salmon, o 
where the sample represents a vertical section of the kiln and class- 
fication was made by position, seemed to indicate a very marked effec 
on ratios of compressive strength by degree of burning. Howeve, 
in some cases (2A and 2B, 18A and 13B, 14A and 14B, 16A, 16B and 
16C) the effect was for the underburned brick to have higher rati0 
of compressive strength flat to edge. In other cases (22A and 228. 
24A and 24B) the direction of change was reversed. In yet othe 
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cases there was no significant difference in the ratios (4A, 4B, and 4(, 
17A and 17B) or the order was mixed (23A, 23B, and 23C). 

However, the suggestion that the burning of bricks on edge might 
add to their apparent compressive strength on edge by the effect of 
the weight of the superimposed bricks during burning does much 
to explain these data. Samples 2, 13, 14, and 16 represent bricks 
from scove kilns. The salmons from scove kilns come from the top 
and outer portions of the kilns. They represent specimens that have 
heen subjected to relatively little pressure in burning. Samples 22 
and 24 are from down-draft kilns. Here the salmons are from the 
bottom of the setting. Samples 4 and 16 are from small scove kilns, 
and the clinker specimens are both quite cracked and crazed. No. 
17 was burned in a down-draft kiln, but the location of the speci- 
mens is unknown. The type of kiln used for No. 23 is also unknown. 
In any case the higher ratio of the clinker brick is explainable by its 
cracked and crazed condition. 

(7) Tae CHARACTER OF THE FRactuRE tN Compressive Tests Epce- 
wisE.—Before leaving the subject of tests in compression it is desired 
to introduce some data dealing with the apparent relation between 
compressive strength and type of fracture. 

Table 2 gives an analysis of the data secured on a test of 50 speci- 
mens of brick 2A, the samples being whole brick tested edgewise. 
The type of fracture, as indicated on the end of the test specimen, 
was recorded at the time of test. 

Table 2 gives clearly the fact that a double shear (cone or wedge) 
is associated with a higher compressive strength than where the 
failure takes place in a single diagonal shear. This fact alone could 
be explained by assuming that the 10 tests which gave the higher 
strength and double shear were concentrically loaded, while the 13 
tests which failed in single diagona] shear with low strength were 
eccentrically loaded. However, the fact that the difference in 
strength is actual and not due to difference in loading is vouched for 
by the inverse relation of the water absorption. The possibility 
exists that eccentric loading was present for both types of fractures, 
but the stronger bricks were better able to resist the effect of eccen- 
tricity. 

TaBLe 2.—Brick 2A 
{Total number of specimens, 50} 
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strength, : ; 
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2. RELATION OF TRANSVERSE TO COMPRESSIVE STRENGTH 


The ratios of modulus of rupture to compressive strength flat give 
in Table 1 range from 0.426 to 0.070. The transverse strength js 
notably quite sensitive to imperfections in the brick. Usually it yi 
be found that where a series of bricks are tested the percentage devia. 
tion from the mean of the modulus of rupture will exceed the per. 
centage deviation from the mean of the compressive strength. |) 
other words, nodules, slight laminations, or other planes of weak. 
ness will very noticeably reduce the transverse strength. 


(@) Errecr or Mernop or Manvuracrure.—As would be expected, 
soft-mud bricks were the most constant in this ratio. Nodules ap 


the principal interfering factor likely to be present. The 10 ratig 
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given in Table 1 range between 0.132 and 0.251. Fourteen value 
given by Williams *° range from 0.171 to 0.256. 

The ratios for dry-press bricks range from medium values, 0.22, 
down to 0.070. 

The ratios for stiff-mud end-cut bricks range from medium values 
to 0.426. 

For stiff-mud side-cut bricks the ratios differ rather widely, going 
from 0.074 to 0.314. 

(6) Errecr or Tyrz or Raw Marerrau.—If there is any consistent 
effect on the relations between transverse and compressive strength 
due to the use of shale or clay, it is obscured by the variation in other 
factors. ; 

(c) Errecr or Laminations anp Cracks.—Not only do lamin 
tions exercise the obvious effect of lowering the ratio modulus of 
rupture to compressive strength, but in certain cases they are believed 
to be responsible for raising the ratio. Samples 14A and 15 ar 
considered examples of this effect. They are both double-colum, 
end-cut bricks and were auger laminated to a very considerabl 
degree. The net result was to produce a tubular structure. From 
analogy to the strength of a metal tube acting as a beam and the 
strength of a metal tube in compression normal to its axis as col 
pared to the corresponding strengths of a solid shaft of the sam 
diameter, this explanation of the high ratio of transverse to coll- 





#0 See footnote 5, p. 828. 
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pressive strength for these bricks seems warranted. Samples 23A, 
93B, and 23C are illustrations of laminar structure acting to lower 
this ratio. 

Kiln cracking normal to the long axis of the brick is, of course, a 
sure way to lower the transverse strength. 

(¢) Errecr or Noputes.—From observations of the tests of soft- 
mud bricks it is believed that a heterogeneous section, the visible 
evidences of which are nodules, has much to do with moderate varia- 
tion in the ratio nodulus of rupture to compressive strengths. The 
effect of texture is uncertain. 

(e) Erreor or VartaTion IN Burninc.—No definite effect on 
modulus of rupture—compressive-strength ratio seems to be pro- 
duced by variation in burning. The salmon bricks are usually not 
far from the well-burned bricks in ratio. Samples 2A and 2B 
provide a notable exception. The clinker bricks are usually low in 
ratio, probably explainable by their cracking and crazing. 


VII. SPECIFICATION REQUIREMENTS 


In the words of Orton, “ We can not safely translate data made 
by crushing on the flat into terms of crushing on the edge, except 
in large masses or averages, and here with many reservations.” 

These data, in the writer’s opinion, give no justification for the 
belief held in some quarters that the B grade of the Tentative 
Specification for Building Brick (C62-27T) of the American 
Society for Testing Materials is necessarily the equivalent of the 
medium grade of the former Standard Specification for Building 
Brick (C21-20) of the same society. Grade B (C62-27T) gives 
compressive strength flatwise as 2,500 to 4,500 lbs./in.? Grade 
medium (C21-20) gives compressive strength edgewise as 2,000 to 
3,500 lbs./in.2 The equivalence of these two grades is certainly not 
true for soft-mud brick and only occasionally fit certain kinds of 
stiff-mud_ bricks. 

The data on transverse strength compared with compressive 
strength likewise gives no warrant for assuming any general relation 
between the measures of strength such as would be expected for iso- 
tropic and homogenous material. The fact that a given ratio may 
be the average for a very large number of tests does not increase the 
probability that the average ratio will represent the actual ratio 
for a particular kind of brick. As an extreme illustration, consider 
a field oceupied by an equal number of cattle and horses. The state- 
ment that the animals in that field have on an average one horn 
apiece illustrates the fallacy of attempting to average separate cate- 
gories. The practice of plotting one measure of strength against 
another measure of strength where a wide scattering exists, as in the 
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present data, and then drawing a line by least squares to represen 
ihe “ most probable ” relation would be valid if the scattering of th: 
points represented “error.” To illustrate: Sample 14A is typical 
of that clay and method of manufacture. Repeated tests confirm it 
high ratio (0.392) quite closely. The fact that brick 14A has, 
high modulus of rupture along with a comparatively low compre. 
sive strength is not chance. It is the nature of that brick. Heng. 
taking a ratio based on averages of all bricks does not represent the 
truth concerning this particular kind of brick. 

The application of this to specification writing is that brick js 
purchased as the product of a given manufacturer. If a given 
property (say a certain flat compressive strength) is desired, that 
property should be asked for, not another property assumed to lx 
related to the wanted property by a presumably fixed ratio. 


VIII. SUMMARY 


From the data and discussion here given the following conclusions 
are believed warranted in so far as they are limited to bricks mad 
of shale or clay. 

1. The ratio compressive strength of brick flat to compressive 
strength of brick on edge ranges from 0.74 to 2.3. 

2. The tendency of soft-mud brick is to give higher unit strength: 
tested on edge than when tested flat. 

3. The “compacting effect ” on the structure of the edge-set brick 
by the superimposed weight of the other bricks in the kiln is offered 
as a tentative explanation of the tendency toward higher strength 
on edge. 

4. This tendency toward higher strength on edge is overcome by 
laminar and cracking structure in the case of certain bricks. 

5. The ratio of modulus of rupture to flat compressive strength 
ranged from 0.426 to 0.070. 

6. Soft-mud bricks tend to display less deviation in the ratio 
modulus of rupture to flat compressive strength than any of the other 
methods of manufacture, but even with these the ratio ranged le & 
tween 0.13 and 0.26. | 

7. Auger lamination in end-cut brick appears to be associated 
with high ratios for modulus of rupture to flat compressive strength. 

8. Die lamination in side-cut brick appears to be associated with 
low ratios for modulus of rupture to flat compressive strength. 

9. In view of the variation in the ratio compressive strength flat t0 
compressive strength on edge, there exists no general rule for cot- 
verting values from one kind of test to the other kind, 

10. In view of the variation in the ratio modulus of rupture t0 
compressive strength flat, the possibility of inferring a compressivé 
strength from a transverse test or vice versa is open to very larg 
errors for any given make of brick. 
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